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THE EFFECT OF UROGASTRONE, ENTEROGASTRONE 
AND MEPYRAMINE MALEATE ON GASTRIC AND 
PANCREATIC SECRETION 


By HENRY T. HOWAT anv B. SCHOFIELD 


From the Departments of Physiology, University of Manchester and 
Medical School, King’s College, Newcastle wpon Tyne 


(Received 4 March 1953) 


From time to time reports have appeared which claim that the acid secretion 
of the stomach is inhibited by biological products, such as extracts of the 
placenta, spleen, pituitary or adrenal glands, intestinal mucous membrane and 
urine. Of these substances most experimental work has been done on entero- 
gastrone, a substance prepared from the mucous membrane of the upper small 
intestine (Kosaka & Lim, 1930; Gray, Bradley & Ivy, 1937), and on urogas- 
trone, which is extracted from urine (Gray, Wieczorowski & Ivy, 1939, 1940). 
Physiological evidence suggests that enterogastrone may be the inhibitory 
hormone which mediates the reduction of acid secreted by the gastric mucosa 
when fat is present in the duodenum. No such physiological role can be 
postulated for urogastrone, the significance of which is not known. This 
subject has been reviewed by Grossman (1950) and Code (1951). In a pre- 
liminary communication (Howat & Schofield, 1948) a two-dose histamine tech- 
nique was used to investigate in cats the effect on gastric secretion of these two 
extracts and the antihistamine drug mepyramine maleate. In the present paper 
a fuller account of this work is given, and it is extended by a comparison of the 
simultaneous effects of these substances on histamine-stimulated gastric secre- 
tion and secretin-stimulated pancreatic secretion. 


METHODS 


All the experiments were performed on cats. The animals were fed 24 hr before the experiment, 
and water only was provided for the last 16 hr. After preliminary induction with ether, anaes- 
thesia was maintained by the intravenous injection of chloralose (75 mg/kg body weight). The 
rectal temperature was kept constant throughout the experiment. 

A soft rubber oesophageal tube, introduced into the lumen of the oesophagus in the neck, was 
passed into the stomach, and secured there so that the stomach could be completely emptied by 
siphonage. To prevent possible stimulation or inhibition of the stomach or pancreas by the 
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applied to the cardiac orifice. In experiments in which pancreatic juice was collected, a small 
cannula was inserted into the pancreatic duct as it entered the duodenal wall and secured in 
position by a thread ligature which also encircled and occluded the common bile duct. In all 
later experiments the pancreatic and common bile ducts were obstructed by a ligature where they 
entered the duodenal wall. In some experiments the splanchnic nerves were cut extraperi- 
toneally before the abdomen was opened and in a number of experiments the arterial blood 
pressure was recorded from the carotid artery. When the abdomen was closed and all operative 
procedures completed, the stomach was gently washed with distilled water, warmed to 40° C, till 
the effluent was clear. Finally atropine sulphate (1 mg/kg body weight) was given intravenously. 
At least 1 hr after the completion of the operation the stomach was washed with 0-005 x-HCl at 
40° C and 25 ml. of this acid was left in. This was renewed every 15 min, the stomach being com- 
pletely emptied on each occasion. The titration value of this acid is referred to as the control level. 
Usually the titration value of acid recovered at the end of 15 min from the resting stomach only 
slightly exceeded the control level. This resting value for the period immediately before the first 
stimulation was taken as the basal level from which the output of acid secreted throughout the 
experiment was assessed. 
After a suitable resting period, secretion of acid by the stomach was stimulated by injecting 
intravenously histamine acid phosphate, dissolved in isotonic sodium chloride solution, at a con- 
stant rate of 4-5 wg/kg/min (1-53 ug histamine base) for 45 min by means of an infusion apparatus 
fitted with automatic warning devices (Howat & Schofield, 1950). The acid secreted in response to 
this stimulus constituted the first response. At the end of the first response, when the acid secretion 
was returning to basal level the test substance was injected intravenously. A second identical 
injection of histamine was given 30-45 min later. This resulted in a further outflow of acid, the 
second response. 
Free and total acid were estimated by titrating filtered gastric samples with 0-05 n-NaOH 
using Tépfer’s reagent and phenolphthalein as indicators. The results are recorded as output of 
0-1 »-HCl per 15 min period. Total chloride was measured by a modification of Volhard’s method 
using nitrobenzene (Vogel, 1939). 
A continuous flow of pancreatic juice was maintained at a constant rate by injecting secretin 
intravenously every 15 min. The dose of secretin used was selected to ensure a flow of 
juice at rates between 0-8 and 1-8 ml. in 15 min. Secretin was prepared by the method of Crick, 
Harper & Raper (1949). 
RESULTS 

Gastric secretion 

The pattern of response to histamine given intravenously was the same fol- 


the first 15 min sample and rose throughout the injection to attain a maximum 
- output in the third, or occasionally in the fourth period. Thereafter it fell and 
returned to basal level at the end of 90 min. Free and total acid closely 
paralleled each other. Total chloride followed the output of total acid but 
sometimes the total chloride remained high and divorced from the free and 
total acid which in these instances were lower than expected. The first indica- 
tion of this anomaly was an increased viscosity of the gastric samples which 
filtered slowly through Whatman paper. Sometimes, though not invariably, 
blood was present in these specimens. The cause of this phenomenon is not 
fully understood, but it was noted most often in earlier experiments when the 


ligature, care being taken to avoid damage to the blood supply of the stomach. No ligature was ~ 


lowing the first and second stimulation (Fig. 1), The secretion of acid began in 
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importance of accurate temperature regulation was not appreciated; it was 

sometimes found when large doses of crude extracts which may have been toxic 

were given; and it occurred in two experiments in which retrograde injections 
were given into the splenic vessels. 

Experiments which show this dissociation of total and acid chloride have 
been excluded; three instances were found in the control group of 35. The 
results of experiments on pregnant cats and on cats with high resting secretien 
(in which the basal level exceeded the control level by 0-75 ml. 0-1n-HCl in 
15 min) were excluded from both control and test experiments. Spontaneous 
secretion in excess of this amount was encountered in seven of our 137 
experiments. 


7r 
6r 
| 136 mi. 12:8 mi. 
Histamine Histamine 
”, 1 2 3 4 
Hours 


Fig. 1. A control experiment showing the response of the total acidity Of the stomach to two 
standard infusions of histamine (1-5 wg/kg/min of histamine base for 45 min). In this 
experiment the difference of the two responses, expressed as a percentage of the first, was — 7. 
The continuous line is the amount of total acid in ml./15 min period. The control level, or 
titration value for total acid of 25 ml. 0-005 s-HCl is shown by the interrupted line. The same 
symbols and conventions are used in Figs. 5, 7 and 8. . 


The first response. A series of 130 experiments showed a mean first response 
to histamine of 10-06 ml. total acid (s.£. of mean + 0-32) (Fig. 2). No significant 
difference was found between the mean of fourteen experiments in which the 
splanchnic outflow was divided and the mean of the whole series. The first 
response fell short of 6 ml. in sixteen experiments and these have been dis- 
carded in presenting the results of the control and test experiments since they 
are unlikely to afford an accurate index of inhibition. 

Control experiments. Though the second response had the same form and 
duration as the first response, the output of acid was usually slightly less (Fig. 1). 
The difference between the two responses was expressed as a percentage of the 
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was calculated, this being described as the mean °, diff. In the control series 
of thirty-two experiments the mean °%, diff. was —6-7+3-2. For the group of 
twenty-four experiments, in which the splanchnic nerves were intact, the mean 
°/, diff. was 8-9 + 3-0, and for the eight experiments in which the splanchnics 
were cut —0-3 + 9-1. There is no significant difference between the two groups 
(¢=1-19; 0-3>P>0-2), and they have been combined in the ensuing analysis 
of the test data (Fig. 3). 


30 

26 

20 
5 

10 

BR 
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mi. 01 n-HCI 


Fig. 2. The frequency diagram of the distribution of the level of total acidity in response to the 
standard infusion of histamine in 130 cats. The mean of these experiments was 10-06 ml. + 0-32. 
Experiments in which the response falls short of 6-0 ml. were unsuitable for testing secretory 
inhibition of the stomach. 

Pancreatic secretion 
The volume of pancreatic juice can be maintained at a constant rate by 
giving an intravenous injection of secretin every 15 min. The continuous 
infusion of histamine modified the pancreatic response and resulted in a small 
but constant variation in output of juice. During the period of stimulation 
there was a slight augmentation of flow, which was followed after the end of the 
histamine infusion by a comparable reduction below control level which lasted 

45-60 min (Fig. 4a). This pattern, which is the same after repeated histamine 

stimulation, was not abolished by section of the splanchnic nerves. For the 

purposes of analysis the five or six samples following the start of the first injec- 
tion of histamine have been compared with the same number following the 

_ second injection, the results being expressed as a mean %, diff. as for the acid 

secretion. Of the control series of thirty-two éxperiments pancreatic juice was 
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4 6 8 10 12 4 18 
Second response, mi. 0-1 N-HC/ 
Fig. 3. The relationship between the total acid of the second response and the total acid of the 
first response. ©, splanchnics intact; @, splanchnics cut. 
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Fig. 4. The response of pancreatic secretion to repeated injections of a constant amount of 
secretin (a) in a control experiment, (b) in an experiment with urogastrone (U 107, Table 1), 
and (c) in an experiment with enterogastrone concentrate (E18, Table 3). The continuous line 
is the volume of pancreatic secretion/15 min. In the case of the enterogastrone there was a 
marked increase in volume of secretion immediately following the injection. Both urogastrone 
and enterogastrone caused an inhibition of pancreatic secretion. 
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collected in eight animals, in two of which the splanchnic nerves were cut. The 
results of these two experiments did not differ from the others. The mean °%, diff. 
for the whole series was — 1-0 + 5-1. 
Test experiments 
The biological extracts urogastrone and enterogastrone, known inhibitors of 


acid secreted by the stomach of the dog, were used to test the applicability of — 


the method. The method was also used to assess the effect on gastric secretion 
of the synthetic antihistamine, mepyramine maleate. For each series the 
mean °/, diff. was calculated and compared with the mean % diff. of the control 
group. Student’s ¢ test (Fisher, 1950) has been applied to test the significance 
of the difference observed. 


Fig. 5. The inhibitory effect of a urogastrone preparation on gastric secretion. 
The % diff. was —90. (Expt. U 114, Table 2.) 


Urogastrone was prepared by the method of Gray, Wieczorowski, Wells & 
- Harris (1942). The yield of crude concentrate was higher than that obtained 
by these workers, 1 g extract representing 3-101. urine, the mean for eight 
batches being 5-55 + 0-95 L./g. The yield of initially purified material from the 
crude concentrate was slightly less, ranging from 54 to 116 mg/g of crude con- 
centrate, with a mean for nine batches of 79-1+6-2 mg/g. Only two lots of 
initially purified material were carried to the stage of further purification, and 
with both of these the yield was almost exactly the 10% by weight described by 
the original workers. Urogastrone was tested in initially purified and further 
purified forms (Tables 1 and 2, Fig. 5). When given intravenously over 2 min 
periods to cats anaesthetized by chloralose, 25 mg of initially purified urogas- 
trone and 5 mg of the further purified product produced no significant changes 
in the heart rate and respiration, nor was the blood pressure affected. 
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Initially purified: preparations caused inhibition of-gastric secretion in doses 
of 10-25 mg/eat. The mean %, diff. of eleven experiments was —83-0+4-3 
(t= 12-74; 0-01 > P). Further purified preparations in doses of 1-6 mg/cat were 
somewhat less effective inhibitors and appeared to be more erratic in action 
(Table 2). The mean %, diff. of seven experiments was —45-4+10-3. In our 


TaBLE 1. Experiments with initially purified preparations of urogastrone 
Gastric secretion, total acid Pancreatic secretion, volume 


Expt. Dose 

response response response response 
no. Prepn. (mg) (ml. 0-1 (ml. 0-1~-HCl) % diff. (ml.) % diff. 
U9s Ug.2 20 12-1 2-8 -82 128 4-8 - 63 
Cf7 Ug. 6W 2 16-6 0-4 - 98 
U103 Ug. 6w 20 10-3 0 -10 — 
U107 ~Ug.6W 10 6-4 0-1 98 8-1 2-0 ~75 
Ug. 0 10-5 1-9 - 82 8-6 0-8 -91 
U 104 7 20 8-5 0-9 90 
U105 Ug.8 20 12-4 2-6 -79 
Ulo Ug.9W 10 14-8 3-4 - 76 8-8 41 - 53 
U12 Ug. 2-4 -76 73 4-2 - 43 
U129 Ug.10W 10 9-0 46 49 
Ug. 10W 25 85 2-3 79 3-2 - 60 
Mean (of 11 expts.) -83-0443 (of 6 expte.) -64146-9 


TasBiz 2. Experiments with further purified preparations of urogastrone 
Gastric secretion, total acid Pancreatic secretion, volume 


"First Second "First Second 
Expt. Dose response response response 
no. Prepn. (mg) (mL n-HCl) % diff. (ml.) (ml) % diff. 
Ug.T 6 9-6 53 ~ 45 — 
Ull2 9Wip 1 79 2-4 -70 — 
OW 8-3 41 - 50 — 
Ulll 9W ip) 2 11-8 9-5 -19 71: 5-1 28 
U 121 (p) 2 - bo 6-2 5-7 -10 
9 4 = — 
4 13-5 11-1 -16 9-4 7-7 -18 


(of 7 expts.) -4544103 (of 3 expts.) 


hands there appears to have been loss of inhibitory action in carrying the 
material to the further purified state. However, the inhibition following 
further purified urogastrone in this dosage is still highly significant (¢= 4-7; 
0-01 > P). 

Initially purified preparations of urogastrone inhibited markedly the flow of 
_ pancreatic juice (Fig. 4). In the six experiments in which pancreatic secretion 
was collected, the mean % diff. was —64-1+6-9. This is a highly significant 
inhibition compared with the control series (¢=6-86; 0-01>P). Splanchnic 
section did not modify the response. In an experiment in which an initially 
purified preparation of urogastrone was given at an early stage, pancreatic 
activity was reduced for 3} hr and gastric secretion inhibited for at least this 
time. Pancreatic juice was collected in only three experiments with further 
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purified urogastrone, and these do not include the experiments in which the 
largest inhibitions of gastric secretion were obtained (Table 2). The mean % diff. 
for the three experiments is —18-7+5-2, which does not differ significantly 
from the control series (¢= 1-61; 0-2> P>0-1). But for these three experi- 
ments alone neither is the inhibition of gastric juice significant. (Mean %, diff. 


—21+3-6; t=1-36; 0-2> P>0-1). If, however, the whole series of urogastrone 


experiments are taken together there appears to be a correlation between the 
degree of inhibition of gastric and pancreatic juice in individual experiments 
(Fig. 6). Statistically the correlation is highly significant (r=0-873; 0-01 > P). 
The best fit line in Fig. 6 has been calculated by the method of Lindley (1947). 


+20 +10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 
% diff. pancreatic juice 
Fig. 6. The relationship of gastric and pancreatic secretory inhibition following urogastrone. The 
continuous line is the best fit line calculated by the method of Lindley (1947). This line also 
represented adequately the relationship for the three readings available following entero- 
gastrone concentrate. @, urogastrone; ©, enterogastrone. 


Enterogastrone (Fig. 7). Samples of enterogastrone concentrate were pro- 
vided by Prof. A. C. Ivy of Chicago. They were prepared as described by 
Greengard, Atkinson, Grossman & Ivy (1946). The results of the individual 
experiments with enterogastrone are given in Table 3. In doses of less than 
one dog unit (less than 44 mg) the mean % diff. was —13-6+7-0, a figure not 
significantly different from that of the control series (¢ =0-90; 0-4 > P>0-3). 
In doses of one dog unit (44 mg) the mean % diff. of three experiments was 
—70-0 + 13-0, a significant degree of inhibition (¢=5-69; 0-01 > P). 


In this laboratory several attempts to prepare enterogastrone according to — 
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the Chicago method have failed. Doses of 50 mg have not produced inhibition 
of gastric secretion. On the other hand, these preparations were found to have 
an immediate secretin and pancreozymin effect on the external secretion of the 
pancreas, and to stimulate the secretion of acid and pepsin by the gastric 
mucosa for @ period of 30-45 min following their injection. In Prof. Ivy’s 


mi. 01 N-HCI 


Fig. 7. The inhibitory effect of a preparation of enterogastrone concentrate on gastric secretion. 


The % diff. was — 85. Thei diate stimulating effect of this preparation is seen. (Expt. E 17, 
Table 3.) 
TaB_LE 3, Experiments with enterogastrone 
Gastric secretion, total acid Pancreatic secretion, volume 
‘First Second First Second 

Expt. Dose response response response 

no. (mg) (ml. s-HCl) (ml. 0-ln-HCl) % diff. (ml.) (ml) % diff. 
E 2% 12 13-1 10-0 * — 

E 26 24 9-1 78 -15 

E 27 24 12-4 12-6 +2 

E 29 24 15-0 10-0 — 33 13-8 9-4 — 32 

E 28 32 11-0 11:3 +2 78 73 - 6 
Mean (of 5 expts.) —13-6+7-0 (of 2 expts.) - 19+ 13-0 

E 16 44 79 43 44 

El7 44 16-1 2-4 — 85 — — — 

E18 44 12-6 2-4 -81 9-7 3-7 ~ 62 
Mean (of 3 expts.) — 70-0+ 13-0 


sample the stimulation of pepsin and pancreatic diastase was not present, but 
the acid response of the gastric mucosa and the augmented flow of pancreatic 
Juice were present, though in a somewhat lesser degree. 

Pancreatic secretion was only recorded in one experiment in which one dog 
unit (44 mg) of enterogastrone was used. Following the initial period of stimu- 
lation there was marked inhibition of pancreatic secretion which lasted until 
the end of the experiment 2} hr later (Fig. 4c). The % diff. was — 62, which 
is more than three times the s.p. (+ 17-2) from the mean % diff. of the control 
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series (—1-0) indicating a bighly significant inhibition in this single experi- 
ment. Pancreatic secretion was recorded in two of the experiments in which 
less than one dog unit of enterogastrone was given. Though a reduction of 
pancreatic secretion occurred in both instances the degree is not significant 
when compared with the control series (mean % diff. —19+ 13-0; t=1-31; 
0-3 > P>0-2). The three experiments with enterogastrone show, like those with 
urogastrone, a correlation between the inhibition of gastric and pancreatic 
secretion. Too few experiments have been done to establish this statistically 
for the enterogastrone series alone, but the relationship seems to be the same as 
that for urogastrone. The three experiments, plotted on Fig. 6, show a very 
good agreement with the best fit line for the urogastrone series. For the latter 
group the s.p. of a single estimation from the line is + 14-5. The mean error of 
estimation, in applying the equation of this line to the three enterogastrone 
readings, is —2-0+8-5, This best fit line adequately represents the three 
enterogastrone readings as well as the urogastrone series. 
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Fig. 8. The potentiating effect of mepyramine maleate on gastric secretion. 
The % diff. was +25. (Expt. U 185, Table 4.) 


Mepyramine maleate (Fig. 8). It seemed desirable to include in the substances 
investigated by this method a representative of the synthetic antihistamine 
drugs. Mepyramine maleate was chosen: the preparation used was Anthisan 
(May and Baker). The effects on the second response following an intravenous 
injection of mepyramine maleate have been divided into two groups for 
analysis (Table 4). Smaller doses of 0-5-2'25 mg/kg body weight intravenously 
had little effect on the second response; the mean % diff. of fifteen experiments 
was —2-9+4-3 (t=0-95; 0-4>P>0-3). Larger doses of 5-0-10-0 mg/kg body 
weight caused a highly significant increase in the second response; the mean 
% diff. of seven experiments was + 28-7 + 4-5 (t=4-95; 0-01 > P). 
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ps When given in large doses, mepyramine maleate caused an immediate tem- 
porary suppression of the flow of pancreatic juice which lasted 30-45 min. The 
volume of juice secreted thereafter remained at control levels. The mean % Uff. 
| of five experiments was +0-8 + 3-0 (¢=0-21; 0-9> P>0-8). 


Tasiz 4. Experiments with mepyramine maleate 


oe oi Gastric secretion, total acid Pancreatic secretion, volume 
(mg/kg First Second | First Second 

no. wt.) (ml. 01n-HCl) (ml.0-In-HCl) % diff. (mi.) (ml.) % diff. 
U 194 0-5 9-5 +17 
U 196 0-5 11-3 9-8 -13 — 
U 198 0-5 9-8 8-0 -18 ome 
U 200 0-5 76 6-5 -14 — 
U 189 1-0 12-6 12-1 
U 193 1-0 10-1 10-2 +1 — me Pa 
U 195 10 75 70 -7 
U 190 15 10-0 79 -21 5-4 4-5 -17 
U 191 15 8-5 10-6 +21 — 
U 195 1-5 8-6 9-8 +16 
U6 2-0 746 76 0 
U 188 2-0 12-0 14-9 +24 — — — 
U 201 2-0 15-4 13-6 ~ 
U 202 2-0 18-3 12-3 34 
U3 2-25 12-3 12-6 +2 8-1 79 -2 


& 
i 


U 185 5-0 10-4 13-0. +25 78 8-4 +8 
U16 8-8 6-6 9-3 +40 48 5-0 +4 
9-1 9-9 12-4 +25 — 
U 15 10-0 10-5 15°5 +47 — — — 
Ul? 10-0 14-6 16-4 +14 5-7 5-2 -Y 
U2! 10-0 73. 9-6 +32 71 7-4 +4 
U22 10-0 14-4 170 +18 10-2 9-9 -3 
Mean (of 7 expts.) + 28-7445 (of 5 expts.) +0-843-0 
DISCUSSION 


Uvnias (1948) and Obrink (1950) used cats to study the action of entero- 
gastrone. Most other workers have used dogs, but some studies have been 
made on man and on rats. Following chloralose an experimental period of up 
to 44 hr duration can be achieved in cats without signs of deterioration in the 
state of the animal or the capacity of the gastric mucosa to secrete acid. 

Histamine has been used frequently as the acid stimulant against which 
inhibitory action has been assessed. As Code (1951) has recently pointed out 
inhibitors which act against histamine stimulation have usually been more 
effective in depressing secretion stimulated by other agents. Enterogastrone 
and urogastrone are potent inhibitors of histamine-stimulated juice in dogs. 
For these reasons histamine has been chosen as the stimulant of gastric juice 
in these experiments. 

Histamine was given by slow continuous intravenous injection (Ivy & 
Javois, 1925). This method gave a satisfactory response and obviated the 
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uncertainty of absorption from a subcutaneous or intramuscular site in an 
anaesthetized animal. Though experiments were done in which doses of hista- 
mine varying from 3-3 to 9-9 ug/kg body weight/min were used, 4-5 yg/kg/min 
of histamine acid phosphate proved to be a convenient dosage for demon- 
strating inhibition and potentiation in most cats. 

The two-dose histamine test has been criticized on two main counts: (a) that 
the maximum inhibitory action may not coincide with the second stimulation ; 
(b) the inhibitor may have different depressant effects on different rates of 
secretion. In this series of experiments the second infusion of histamine was 
begun 30-45 min after the intravenous injection of urogastrone and entero- 
gastrone and the capacity of an inhibitor to act against a fixed dose of histamine 
has been tested. The secretion rate was, of course, not constant over the whole 
acid response, but showed rising and falling phases of approximately equal 
duration. 

It seems clear from the present experiments that the two-dose histamine 
method will demonstrate the inhibition produced by urogastrone and entero- 
gastrone, as well as the potentiation which follows large doses of mepyramine 
maleate in atropinized cats (Table 5). 


Tasie 5. Summary of experiments on gastric secretion 


No. Significance of variation 
Mean%, 38.8. of from mean %, diff. 
Substance Dose expts. diff. mean of control expts. 
Urogastrone, initially 10-25 mg ll — 83-0 +43 t=12-74; 0-01 >P. 
ified Highly significant 
rogastrone, further 1-6 mg 7 — 45-4 +103 t=47;001>P, 
ified Highly si ificant 
terogastrone mg 3 70-0 +130 
concentrate (1 dog ) Highly significant 
Enterogastrone 12-36 mg 5 -186 t=-0-00; 04>P>0-3. ~ 
concentrate (< 1 dog dose) Not significant 
Mepyramine maleate 0-5—2-25 mg/kg 15 -2-9 +43 t=0-95; 04>P>0-3. 
Not significant 
Mepyramine maleate 5-0-10-0 mg/kg 7 +28-7 +45 t=4-95; 0-01 >P. 
Control experiments 32 —6-7 +3-2 


At least one dog unit (44 mg) of enterogastrone was needed to produce 
a significant decrease in the second response: smaller doses were ineffective. 
Using a plateau response to histamine, Uvnis (1948) was unable to demonstrate 
an inhibitory action of a similar enterogastrone preparation even in doses of 
100 mg. This may have been due, as Obrink (1950) suggests, to a variation of 
activity in different batches of entérogastrone used, or may mean that the 
plateau method used by Uvniis is not so sensitive as the method here described. 
The results reported here were obtained with a preparation provided by Prof. 
Ivy, since many attempts to make active enterogastrone in this laboratory 
met with no success. The sample received was a commercially prepared entero- 

gastrone concentrate and was not a pure preparation of inhibitor substance. 
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It had an initial stimulating effect on the parietal cell and pancreas, possibly 
due to the presence of gastrin and secretin. Winberg (1947) claims that entero- 
gastrone can be freed from these stimulant substances by dialysis, but even 
these preparations are not entirely free from pyrogenic material (Linde, Obrink 
‘& Ulfendahl, 1952). Preparations of urogastrone gave much more convincing 
evidence of inhibition. They were free from any stimulating material. Weight 
for weight, initially purified preparations were better inhibitors than the 
further purified. 

The striking feature of both the urogastrone and enterogastrone experiments 
has been the simultaneous and parallel reduction of the flow of histamine- 
stimulated gastric juice and secretin-stimulated pancreatic juice. The entero- 
gastrone used by Gray et al. (1937) did not inhibit the pancreas, but Gray et al. 
(1942) found that even their best preparations of urogastrone produced some 
inhibition of pancreatic secretion. Greengard, Stein & Ivy (1941) have found 
in human urine a thermostable inhibitor of pancreatic secretion, which they 
named uro-pancreatone, but they did not report testing this material for an 
inhibitory effect on gastric secretion. In the present experiments the inhibition 
of pancreatic secretion was present even after section of the splanchnic nerves 
and, since the vagal nerves were blocked by atropine, it appears to be indepen- 
dent of nervous influences. There seem to be two possible explanations of the 
phenomenon: (a) that these preparations each contain an agent or agents of 
physiological significance, specifically inhibiting gastric secretion and pan- 
ereatic secretion; (b) that their activity is due to some non-specific effect, 
possibly on splanchnic blood flow, which is of only pharmacological interest. 

The results do not permit satisfactory differentiation between these two 
possibilities. It would be surprising if a physiological inhibition was exerted 
on two separate secretions to the same relative extent by two extracts of such 
apparently diverse origin as urogastrone and enterogastrone. However, though 
the possibility that these substances have a common source is disputed, urogas- 
trone may be an excretion product of enterogastrone. The work done to 
elucidate this point has recently been reviewed by Grossman (1950) and Code 
(1951), both of whom consider the question to be undecided and for the 
moment they accept the limited conclusions drawn by Gray, Culmer, Wells & 
Wieczorowski (1941) that if the small intestine is a source of the gastric 
secretory depressant substance in urine it is not the only one. 

Neither of the preparations used was a pure substance. They may have 
contained contaminants common to biological preparations, which had a non- 
specific inhibitory effect on gastric secretion. The possibility that pyrogens 
were present must be considered. The experiments were carried out on animals 
in which the internal temperature was carefully controlled, and no consistent 
tendency for the temperature to rise after either urogastrone or enterogastrone 
was observed. Necheles (1942, 1945), however, has claimed that inhibition can 
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be produced by doses of pyrogens too small to produce an actual effect on the 
body temperature. Multiple doses of our preparations were not assayed for 
pyrogenic activity. 

No such correlation between the effects on gastric secretion and pancreatic 
secretion was noted in the pharmacological experiments with mepyramine 
maleate. In the experiments with significant potentiation of gastric secretion, 
the pancreatic flow, after an immediate temporary inhibition lasting 30 min, 
remained within the limits of control values. 


SUMMARY 


1. A two-dose histamine method has been used in anaesthetized cats to 
demonstrate inhibition and potentiation of acid secretion of the stomach. 

2. Enterogastrone inhibited acid production at suitable dose levels, as also 
did urogastrone. 

3. Mepyramine maleate produced no inhibition in small doses, and in 
larger doses the output of acid in the second response was increased. | 

4. Pancreatic juice stimulated by secretin was inhibited to a comparable 
extent by those preparations of urogastrone and enterogastrone which were 
potent inhibitors of acid secretion of the stomach stimulated by histamine. 


We are indebted to Prof. W. Schlapp, who has given ug facilities for experimental work. The 
two-dose histamine test has been developed from techniques used by Prof. A. A. Harper to whom we 
are grateful for guidance and for allowing us to use part of a supply of entero- 
gastrone concentrate sent to him by . A. C. Ivy. We are also grateful to Mr H. Campbell of 
the Department of Industrial Health, Medical School, King’s College, Newcastle upon Tyne who 
has supervised the statistical analysis of our data, and to May and Baker Ltd., for mepyramine 
maleate. 
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SOME OBSERVATIONS ON IMPURITIES PRESENT IN SAMPLES 
OF EVAN’S BLUE (T 1824) AND THEIR INFLUENCE ON BLOOD- 
VOLUME DETERMINATIONS EFFECTED BY THE DYE METHOD 


G. COOLEY 


From the Physiological Department, The British Drug Houses Lid., 
London N.1 


(Recewed 22 May 1953) 


Leeson & Reeve (1949) have demonstrated the presence of red and violet 
impurities in commercial samples of the dyestuff known variously as Evan’s 
Blue or T1824, and have described a chromatographic method by which they 
may be detected and roughly estimated. The dyestuff consists principally -of 
the chemical substance 4: 4’-bis[7-(1-amino-8-hydroxy-2: 4-disodium sulphon) 
naphthylazo]-3:3’-bitolyl. In the present investigation, the chromatographic 
separation has been carried out on a larger scale with the object of isolating 
the red impurity prior to determining its absorption spectrum and studying 
its fate following injection into the blood stream. The red impurity disappears 
from the blood much more rapidly than does the main blue component of the 
dye, and, since it absorbs light significantly in the region of the absorption 
maximum of the main component, introduces errors. ; 

The behaviour on paper chromatography of various samples of T1824 has 
been studied. This method affords a very convenient means of assessing the 
purity of such samples. 

METHODS 

Chromatography on alumina. This was done as described by Leeson & Reeve except that for the 
larger scale work a chromatographic tube of 6-25 cm diameter containing a column of alumina 
12-5 om high was used. | 

Paper chromatography. Whatman’s no. 1 paper was used, the chromatography being effected by 
the descending technique, employing the upper phase of a mixture of n-butanol (4 vol.)-acetic 
acid (1 vol.)}~water (5 vol.) as irrigation solvent. 

Absorption spectra. These were kindly determined by Mr P. Stross of the Analytical Department, 
The British Drug Houses Ltd., using the Unicam Spectrophotometer. 

Blood-volume determinations. These were made by a method modified slightly from that of 
Courtice (1943), involving the withdrawal of about 6 ml. of blood from the animal under test 
prior to injecting about 1 mg/kg body wt. of the dye (in 0-9% (w/v) sodium chloride solution) and 
then withdrawing a 1-0-1-5 ml. blood sample 6} min after the injéction. Solid heparin was used 
as anticoagulant in about the same quantity in all plasma samples (cf. Reeve, 1948). The con- 
centration of dye in the 6} min plasma sample was estimated by comparison with standards made 
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up from the ‘ pre-injection’ blood sample. The majority of animals used were growing ones. They 
were of various colours (mainly agouti) although no albinos were included in the series (cf. Armin, 
Grant, Pele & Reeve, 1952). The animals were fed rabbit diet 18 (London Flour Millers) and 
cabbage once daily. The fifteen rabbits employed in the investigation were used on rota. A recovery 
period of at least 7 days was allowed to elapse before any animal was used again. On the rare 
occasions on which turbidity of the plasma was observed the experiment was discontinued. 

The haematocrit value was estimated by spinning approximately 8 cm columns of blood in 
1mm bore capillatér tubes at 2500 rev/min for 20 min in a centrifuge head of radius 20 cm 
(effective radius to sealed end of tube 25 cm: relative centrifugal force of 1600g). The amount of 
plasma in the packed cell column was estimated by the direct procedure as employed by Leeson & 
Reeve (1951) and found to be of the order given by these authors (5-5%) but with greater devia- 
tions from this mean. 

Absorptiometric comparisons of the solutions of T1824 in the plasma were made using the 
Hilger ‘Spekker’ fitted with calorex H503 (neutral) and Ilford 607 (orange) filters. The latter, it 
was established in extensive preliminary experiments, were preferable to Ilford 608 (red) filters 
for the present investigation. The red filters were, however, used in one series of determinations 
(see p. 20). Ilford 604 (green) filters were employed in the studies on the disappearance rate of 
the red impurity from the blood stream. Dye concentrations used for the standards were usually 
32, 28, 24, 20, 16 and 12 ug/ml. of plasma. 


RESULTS 
Paper chromatography 
Samples from three commercial sources, two British and one American, were 
all found to contain appreciable quantities of an impurity (purple in appear- 
ance on the chromatograms), which ran at an Ry value of 0-50, and was 
seemingly identical with the red impurity described by Leeson & Reeve (1949). 
In addition, two of the samples contained a trace impurity (reddish purple in 
colour on paper) which failed to move on chromatograms irrigated with the 
solvent system mentioned above. The main blue component of the dye ran at 


an R, value of 0-01. 

; Absorption spectra 

As a result of the ‘large-scale’ chromatography on alumina it was possible 
to separate in a highly purified condition (as judged by subsequent paper 
chromatography) about 100 mg of the red impurity. Its spectrum is shown in 
Fig. 1 with that of a sample of pure T1824 for comiparison. The absorption 
maximum of the main blue component of T1824 is at 605 mp and that of the 
ted impurity at 550 my. The impurity shows appreciable absorption in the 
600 my region of the spectrum: the significance of this feature in regard to the 
blood volume determinations will be referred to later in the discussion. 


Effect of colowred impurities on blood-volume determinations 
In order to study the effect of coloured impurities present in samples of 
T1824 on blood-volume determinations, three series of experiments were per- 
formed using respectively : 
(I) a sample of T 1824 of high quality (as evidenced by chromatography and 
Spectroscopy) ; 
PH. CXXIII, 2 
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(II) a sample of T1824 containing a high proportion of red impurity. The 
particular sample used wag especially selected from a large number of samples 
available in view of its outstanding high ‘red’ content. This was subsequently 
estimated to be equal to the weight of the blue fraction; 

(III) sample II above purified by chromatography on alumina. The results 
for the respective samples were as shown in Table 1. 


400 450 500 550 600 650 700 
Wavelength (my) 
Fig. 1. Absorption spectra. Solution I, sample of T 1824 of high quality (as evidenced by chromato- 
graphic studies); solution II, red impurity isolated from T1824 of poor quality. Solutions 
were made up in equal concentration by weight in phosphate buffer. 


0-350 


Taste 1. Blood-volume determinations made using dye samples of varying degrees 
of purity 


I 
Expt. Bloodvol. Expt. Blood yol. Expt. Blood vol. 

no. (ml. /kg) no. (ml. /kg) no. (ml. /kg) 
1 68-2 6 69:3 14 60-3 
2 69-0 7 85-5 15 66-2 
3 67:3 5 70-8 16 70-2 
4 61:3 9 93-9 17 61-8 
5 17-6 10 118-0 18 48-5 
12 60-3 ll 83-4 19 64-2 
13 67-7 28 123-6 20 72:1 
23 . 60-5 29 87-0 32 58-0 
24 62-1 30 100-6 33 66-2 
25 70-1 31 96-3 36 76-5 
26 124 43 109-0 37 76-6 

44 86-3 
Mean 66-9 s.p.4544 Mean 93-6 s.p.417-0 Mean 65-5 s.p.483 
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Whilst the values obtained using samples I and III are in good agreement 
with those of series already reported in the literature (cf. for example Courtice, 
1943; Armin et al. 1952), those obtained using II are significantly higher. 
During the carrying out of the series II experiments it was noticed that whereas 
the standard solutions of II in the plasma were purple in colour, the 6} min 
plasma sample was in every case blue. This was taken to indicate a rapid dis- 
appearance (i.e. within 64 min) of the red impurity from the circulating plasma 
following injection of the impure dye, and accordingly experiments were 
carried out to see if this were so. The general routine of the experiments was 
similar to a blood volume determination. Animals chosen were those on which 
two previous blood volume determinations had been made using samples of 
T 1824 of high quality, and an approximate figure for the plasma volume of the 
animals at the time of experiment could, therefore, be assumed. Knowing the 
amount of red impurity injected, it was thus possible to obtain a rough figure 
for the percentage disappearance from the plasma. 

The results of three experiments are shown in Table 2. 


TaBLE 2. Disappearance of red dye from circulating plasma following intravenous injection 


Time sample 
Expt. ra ec assumed injection —, 
no. (kg) (mg) (ml.) (min) %) 
21. 3-2 3 100 
22 3-0 10 105 96 
27- 3-0 3 120 1 92 


Objection might be raised to the figure quoted for Expt. 27 (Table 2) on the 
grounds that little significance attaches to the dye content of a 14 min blood 
sample, but it is emphasized that numerous samples taken at intervals from 
- 1} to 6} min failed to reveal any trace of the red dye, and it could be concluded 
that there was, in fact, almost complete disappearance of the dye from the 
plasma within 1} min. 

DISCUSSION 
In vitro studies carried out on freshly obtained blood samples indicated that 
there is no appreciable uptake of the red dye by the red cells within short 
intervals of time (up to 10 min). 

The disappearance rate of the red impurity is in marked contrast to that 
of the main blue component of T 1824. Numerous publications have appeared 
dealing with this latter (cf., for example, Courtice, 1943). In the present 
investigation disappearance rate curves were plotted in seventeen experiments: 
a rate representative of the series was as shown in Table 3. As stated earlier 
(p. 17) the Ilford 607 filter was employed during the blood-volume determi- 
- nations. This filter has maximal transmittance at 600 mp. Since the red 
component absorbs to some extent in this region of the spectrum, its much 
more rapid disappearance from the circulating plasma than the . blue 
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component will have an important bearing on the validity of absorptio- 
metric comparisons. A plasma sample removed 6} min after injection of 
impure dye will absorb less strongly than would a corresponding standard 
solution of the same dye containing an equal amount of the blue component 
since this latter contains, in addition, the absorbent red impurity. In con- 
sequence an erroneously low concentration of dye in the plasma will be 
indicated and a high value for the blood volume thus obtained. 


TaBiz 3. Disappearance of the main blue component of the dye from circulating plasma 
following intravenous injection (Expt. 33) 


Time (after injec- 
tion) at which Disappearance 
taken (min) in plasma (%) 
64 22-0 
ll 21-5 2-3 
20 20-0 10 
32 19-6 


TaB_e 4, Values obtained using 607 and 608 filters respectively 
Blood vol. (ml./kg) Blood vol. (ml./kg) 
indicated using indicated using 


Expt. no. 607 filters 608 filters 
44 86-3 78-0 
45 87-2 80-1 
46 86-8 84-2 
48 93-5 86-1 
| 115-4 112-2 
52 80-3 770 


Mean 91-6 s8.p.+12-4 Mean 86-2 s.p.413-2 


Choice of filters. Ilford 608 filters show maximum transmission at 680-700 my, 
a region in which the absorption due to the red impurity is insignificant, thus, 
other factors being equal, a blood-volume determination made using the 
impure dye and 608 filters should be nearer the true value ae one made 
using the same dye in conjunction with 607 filters. 

Confirmation of this was obtained from a series of experiments in which the 
two filters were used successively, but in most cases the difference was not of 
the magnitude that might have been expected from the series given in Table | 
(cf. Table 4), Thus, use of 608 instead of 607 filters resulted in a lowering of the 
mean value for blood volume from 91-6 to 86-2 ml./kg, which latter figure is 
still considerably higher than the values obtained when pure T1824 samples 
are used (cf. Table 1, series I and III). 

The wider differences observed between series of values obtained, using on 
one hand impure and on the other hand purified dye, are presumably due 
chiefly to the presence of the red impurity in the former but other factors may 
be involved. For example, it has not been possible to isolate the violet 
impurity adsorbed at the head of alumina columns (cf. Leeson & Reeve, 1949) 
and hence nothing is known of its fate after intravenous injection. Attempts 
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to elute this violet impurity failed as had those of the previous workers. 
The impurity is rapidly bleached in bright sunlight though not in diffused 
light. The violet impurity could not be detected by the paper chromato- 
graphic method. 

Clearly, samples of dye containing large amounts of the red impurity 
(relative to the main blue component) should not be used for blood-volume 
determinations, and whilst the 608 filters are preferable to the 607 from the 
point of view of the influence of any red impurity in the dye, there are other 
factors which outweigh this advantage when dye samples of high quality 
(namely, samples containing only traces of coloured impurities) are used. For 
example, standard solutions of the dye show much higher optical density and 
correspondingly wider range of absorption in the 600 my region than in the 
680-700 my region of the spectrum, and calibration.curves obtained using the 
607 filter (which transmits maximally in the former Tegion) were found to be 
much more reproducible than those obtained withthe 608. 


SUMMARY 


1. Evan’s blue (T1824) containing large amounts of a red impurity gives 
high results when used for blood-volume determinations; this is due, in part, 
to rapid disappearance from the circulating plasma of the impurity which 
absorbs light in the region of maximum absorption of the main blue component. 

2. The Ilford 607 (spectrum orange) filters are considered to be more 
satisfactory than the 608 (spectrum red) for blood volume determinations 
using T1824. 


The author wishes to record his thanks to Dr 8. W. F. Underhill for his continued interest in the 
work and for much helpful and stimulating discussion. His thanks are also due to the Directors 
of the British Drug Houses Ltd. for permission to publish this work. 
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The measurement of the circulating red cell volume in man by the use of 
radioactive phosphorus was first described by Hevesy, Koster, Sorensen, 
Warburg & Zerahn (1944). These authors used whole blood which had been 
incubated with *P as their injection suspension. The method was modified by 
Reeve & Veall (1949), who recommended the injection of washed labelled red 
cells. The use of washed cells had the advantages of halving the radiation dose 
received by the subject and of making it possible to base the estimation of the 
circulating red cell volume upon analyses of whole-blood samples. 

Whatever the method used for measuring circulating red cell volume with 
radioactively tagged red cells, the accuracy of the measurement will depend 
fundamentally on: (a) having essentially all of the injected radio-activity 
firmly bound to the red cells in the injection suspension; and (6) having as 
small and stable a loss of radio-activity from the injected cells as possible 
during the first 30-60 min after injection. 

The work of Reeve & Veall (1949) established that the loss of **P from the 
tagged red cells (especially when **P of high specific activity was used) was 
4-6 % in the first hour after injection, without wide variation among individual 
determinations. The same authors pointed out that, using the technique they 
described for preparing the suspension of tagged red cells for injection, an 
average of only 1% of the total radio-activity was present in the suspending 
medium at the time of injection (i.e. 99% of the radio-activity was bound to 
the red cells). However, several groups of workers have experienced difficulty 
in preparing an injection suspension with such a small proportion of extra- 
cellular radio-activity. In this laboratory, using the method described by 
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Reeve & Veall (1949), satisfactory injection suspensions could be prepared 
on most occasions; but there were sufficiently frequent instances of serious 
loss of radio-activity (2-5-10°%) into the suspending medium to necessitate a 
review of the method. 

The purpose of this paper is to report investigations of the sources of error 
in the preparation of a suspension of **P-tagged red cells, to describe simple 
modifications of the technique which will minimize these errors and to present 
the results of duplicate determinations of red cell volume on a group of ten 
normal adult males, using the modified technique. Details of the procedure 
are described in an Appendix. 

TECHNIQUE 
The stock solution of radio-active phosphorus 
The chief requirement of the stock solution is that all of the radio-active 
phosphorus be in solution, and as much of it as possible in a form which can 
be taken up by the red cell. 

Inorganic particulate matter. If any of the *P is present as a precipitate, this 
phosphorus will not be taken up by the red cell. However, it will be centri- 
fuged down with tlie red cells during washing and will be present in the injec- 
tion suspension. The particulate **P will be speedily removed from the circula- 
tion after injection and will not contribute to the radio-activity in the subse- 
quent blood samples. However, it will be present when the standard is made 
up from the injection suspension and will thus lead to a variable and often 
serious overestimate of the red cell volume. 

The *P supplied to this laboratory from the Atomic Energy Research 
Establishment, Harwell, Berks, is in the form of Na,HPQ,, diluted in phos- 
phate buffer. Special precautions have been taken to eliminate all particulate 
matter (Harrison & Raymond, 1951), and the stock solution has proved 
entirely satisfactory. 

Organic particulate matter. It is most important that the stock solution, as 
well as the aliquots to be used for blood-volume measurements, be maintained 
sterile at all times. Unless this precaution is observed, moulds and certain 
bacteria will proliferate in the phosphate solutions. The *P is incorporated into 
the organic structure of the organisms, and though the solution is subsequently 
sterilized before it is actually incubated with the patients’ blood, some *P 
remains bound to the particulate organic material and thus maf produce 
& serious error in red cell volume measurement in exactly the same way as the 
inorganic particulate matter referred to above. Before this aspect of the 
problem had been investigated, errors in red cell volume measurement as high 
as 50-100% were occasionally obtained due to the presence of moulds in the 
stock solution. By adopting the routine of immediately autoclaving the stock 
solution, together with the aliquots which have just been dispensed for blood 
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volume measurement, errors due to organic particulate material can be com- 
pletely eliminated. 

Autoclaving versus dry sterilization. Reeve & Veall (1949) stated that the 
solutions of **P should be sterilized by autoclaving. Solutions sterilized in this 
way have been used in a very large series of red cell volume measurements in 
this laboratory and have been entirely satisfactory. However, on two occasions 
the effect of dry oven sterilization was investigated, since it was thought this 
might prove more convenient as a routine practice. The phosphate solution 
was baked at 170° C for 45 min. The vial in which the phosphate solution had 
_ been placed was now seen to contain a dry white powder and small white 
granules of varying size. Blood was then incubated in the vial and washed, 
according to routine procedure. The results of blood volume measurements 
‘ising cells prepared in this manner showed enormous (100-200%) over- 
estimates of the true red cell volume. Studies on the injection suspension 
strongly suggested that during baking part of the phosphate is altered. Some 
may remain in an insoluble particulate form. Some is converted to a compound 
which is only loosely bound to the red cell and which escapes rapidly from the 
cells between the completion of washing and the injection of the cell suspension 
and presumably also during the first few minutes after injection. Thus baking 
should not be used for sterilization of the phosphate solutions. 


Cell washing technique 

At +4° C the *P incorporated into red cells is lost from the cells at a very 
slow rate (less than 0-2°% per hr). It is for this reason that the tagged red cells 
are washed in ‘ice-cold’ 0-9% (w/v) sodium chloride solution. Using the 
washing method exactly as described by Reeve & Veall (1949), only 0-006 % of 
the original plasma will remain in the injection suspension after the final wash. 
The radio-activity contributed to the suspending medium by this volume of 
plasma should not exceed 0-04 % of the total activity of the red cell suspension. 
Since the injection is generally made well within 1 hr after completion of the 
cell washing, the theoretical amount of total ‘extracellular’ radio-activity 
should be less than 0-24%. Undoubtedly the actual washing procedure 
subjects the cells to abnormal! stresses (e.g. the mechanical trauma of mixing, 
the mechanical stress of acceleration during centrifugation, the replacement of 
the normal plasma environment by cold isotonic saline) and this probably 
accounts for the fact that the mean extracellular **P concentration reported 
by Reeve & Veall was 1°%— i.e. at least four times the amount expected on 
theoretical grounds. 

In view of the other sources of error in the technique of blood volume 
measurement, the loss of gnly 1% of the intracellular **P into the injection 
suspension might at first seem unimportant. However, all loss exceeding the 
theoretical minimum of 0:24° must be looked upon as evidence of abnormal 
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behaviour of the red cells. It suggests at least temporary damage to a propor- 
tion of the washed red cells, and there is the possibility that some of these 
damaged red cells may be removed from the circulation immediately after 
injection. If red cell damage has been considerable, a much larger error than 
that indicated by the extracellular *P concentration will almost certainly 
result. It is for this reason that efforts to reduce the extracellular ®2P concentra- 
tion more nearly to its theoretical minimum have been considered worth while. 


TaBLE 1. Loss of *P from saline-washed red cells into the suspending medium 


Author’s cases Reeve & Veall* 
Activity in Activity in Activity in 
Case (%) Case (%) Case (%) 
1 70 1 2-1 10 0-9 
2 0-3 2 0-7 ll 1-0 
3 2-5 3 1-6 12 0-6 
4 0-8 4 0-7. 13 0-8 
5 9-5 5 0-5 14 1-1 
6 0-8 15 0-8 
7 12 16 15 
8 | 17 0-7 
9 0-8 
* Unpublished data. 


A large number of red cell volume measurements had been made in this 
laboratory, using the cell washing technique exactly as described by Reeve & 
Veall (1949) and assuming a mean loss of 1 % of the radio-activity from the cells 
into the suspending medium in all cases. However, occasional red cell volumes 
estimated in this way were suspected of being falsely high, and it became 
routine practice to separate the supernatant saline from an aliquot of the 
injection suspension at the time of injection for measurement of its ‘extra- 
cellular’ *8P activity. The results of five such measurements are shown in 
Table 1, with seventeen similar measurements from the unpublished data of 
Reeve & Veall (1949) for comparison. Loss exceeding 1°% was found in six of 
their seventeen cases, but was never greater than 2-1 %. Three out of the five 
cases tested in this laboratory showed a loss exceeding 1 % and two of the three 
a loss exceeding 5%. The absence of haemolysis is no assurance that abnormal 
%P loss has not occurred, for in both cases in which *P loss was above 
5° haemolysis was negligible. 

In his studies of the conditions favouring pre-haemolytic and haemolytic 
changes in red cells, Ponder (1948) stressed the increased vulnerability of red 
cells completely separated from their plasma; he also showed the marked 
‘protective’ action exerted by even a small amount of plasma in the suspending 
medium. Accordingly, it was decided empirically to add 3% of the subject's 
own heparinized plasma to the ice-cold saline wash solution. This procedure 
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has been followed in thirty-six red cell volume measurements and the results 
of estimating the extracellular **P activity in the red cell suspension at the 
time of injection are shown in Table 2, along with the diagnoses of the subjects 
on whom the measurements were made. As can be seen, the mean extracellular 


TABLE 2. Loss of *P from plasma-saline-washed red cells into the suspending medium 


Activity in in 
medium medium 
Case Diagnosis (%) Case Diagnosis (%) 
I vera 0-3 19 y ia vera 0-4 
2 #Post-partum anaemia 0-2 fic. anaemia 
3 cythaemia vera 0-4 yoythaemia vera 
4 Arsadietanoes fistula 0-2 22 Normal 0-3 
5 partum 0-2 23 Normal 0-2 
6 : 0-4 24 Polycythaemia vera 0-2 
7 Retioulosis 0-9 25 Normal 0-2 
8  Polycythaemia vera 0-4 26 Normal 0-2 
9 Adrenal tumor 0-1 27 Normal 0-2 
10 Polyeythaemia vera 0-3 28  ##Polycythaemia vera 0-2 
ll Polycythaemia vera 0-2 29 Norma] 0-1 
12 Myelosclerosis 0-1 30 0-2 
13. Polyeythaemia vera 0-2 SI Polycythaemia vera 0-1 
14  Polyeythaemia 0-1 32 cythaemia vera 0-1 
15 Fibroid uterus 0-1 33  Polycythaemia vera 0-1 
17 cythaemia vera 2 raemia 
18 : vera 0-1 36 Normal 0-5 
Mean =0-24%, range =0-1-0-9%. 


%P activity was 0-24°% (range 0-1-0-9), with only two instances of loss 
exceeding 0-5°%. The explanation for this improvement is unknown. As far 
as can be determined, the only alteration in the washing technique has been 
the addition of 3% plasma to the saline wash solution. The decreased loss of 
%2P from the red cells has not been associated with any demonstrable change 
in the osmotic or mechanical fragility of the cells. It has now become the 
practice to measure the extracellular radio-activity of the injection suspension ; 
if the amount is found to exceed 1% of the total the result of the red cell 
volume estimation is rejected. 
RESULTS 
Accuracy of red cell volume measurement 

Satisfactory injection suspensions have been consistently obtained using 
particulate-free stock solutions and employing the plasma-saline washing 
technique described above. Since it seemed likely that the accuracy of the 
method had been improved by these modifications, the reproducibility of red 
cell volume measurements was assessed by performing duplicate determin- 
ations on a series of ten normal males between the ages of 25 and 45 years. In all 
instances the time elapsing between duplicate measurements was one week. 
Except for the modifications described above, the technique was essentially 
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that of Reeve & Veall (1949); the exact procedure is described in the Appendix. 
The loss of **P from the red cells into the injection suspensions was measured 
on all oceasions; the mean loss was 0-24°%. 

The results are shown in Table 3. Red cell production was assumed to be 
constant during the period of study and the volume of red cells removed during 
the measurement of 8.c.v.1 was taken into account in estimating the final 
value for R.c.v.2. The results shown in the columns on the left are for estima- 
tions based on three post-injection blood samples (see Appendix); those on the 
right refer to estimations based on a single sample drawn 15 min after injection. 

There are three sources of variation present in the data: between subjects, 
between the two estimates on the same subject, i.e. systematic factors affecting 
differences between replicates, and random error, i.e. the total of errors of 
estimation and of random variation within subjects. The last component gives 
the best measure of the error of the method and has been calculated from an 
analysis of variance (see Table 4). Expressed as a coefficient of variation about 
a general mean, this random error is found to be +1-55% for the estimates 
based on three blood samples. 


Table 3. Duplicate estimations of red cell volume in ten normal male subjects 


based on Estimates based on 
three blood samples a single blood sample 
1 R.0.V. 2 1 R.c.v. 2 
Subject (ml.) (ml.) (ml.) (ml.) 
l 2322 2370 2300 2340 
2 2272 2210 2284 2162 
3 2050 1982 2040 2005 
4 2310 2300 2295 2307 
5 1945 1937 1940 1942 
6 2255 2212 2255 2177 
7 2160 2151 2140 2121 
8 2275 2152 2257 2117 
9 1945 1945 1954 1915 
10 1937 1906 1927 


Degrees of Variance 
Source of variation Sum of squares freedom estimate 
Between estimates 4,682 l 4,682 
Between subjects‘ 468,637 9 52,071 
Residual 9,796 9 1,088 
Total 483,115 19 


A similar analysis of the data based on a single blood sample gives a coeffi- 
cient of variation of +2-3%. 
DISCUSSION 
- It seems that in most cases total blood volume can be reliably deduced from 
measurement either of red cell volume or of plasma volume, using the venous 
haematocrit suitably corrected for plasma trapped in the packed cell column 


TaBtE 4, Analysis of variance for estimates based on three blood samples (see Table 3) a 


28 H. CHAPLIN 


and for the difference between the venous haematocrit and the haematocrit of 
the body as a whole. An accurate correction of the venous haematocrit for 
plasma trapping can be made if suitable conditions of centrifugation are 
employed (Chaplin & Mollison, 1952); and the body haematocrit/venous haema- 
tocrit ratio has been shown to be constant over a wide haematocrit range 
(Chaplin, Mollison & Vetter, 1953). It remains to be decided wheter it is more 
reliable to deduce blood volume from the measurement of plasma volume or 
of red cell volume. 

Much has been written concerning the reliability of blood volume estima- 
tions based upon measurement of plasma volume alone, using both the dye 
method and radio-activated albumin (see Berson & Yallow, 1952). It seems 
likely that in the normal subject, these measurements have a high degree of 
accuracy. However, the theoretical disadvantage of measuring the circulating 
plasma volume by means of a substance which ultimately comes to equilibrium 
in the whole body ‘albumin pool’, rather than remaining within the vascular 
system, has often been pointed out. Moreover, the reliability of plasma 
volume measurements in a number of pathological conditions has been ques- 
tioned, in particular in the presence of congestive cardiac failure (Ross, Chodos, 
Baker & Freis, 1952). 

The theoretical advantages of basing blood volume estimations on measure- 
ment of red cell volume alone have been discussed by Prentice, Berlin, Hyde, 
Parsons, Lawrence & Port (1951). The techniques employing radio-actively 
tagged red cells are at present somewhat more elaborate and time consuming 
than the dye method for plasma volume measurement. However, the duplicate 
determinations described above suggest that the results obtained with the 
modified **P method can be highly reproducible. If further work confirms 
these observations and if the criticisms of plasma volume measurements are 
substantiated, it will become the procedure of choice to estimate total blood 
volume from measurement of red cell volume alone. 


SUMMARY 


1. Possible sources of error in the **P method for measurement of red cell 
volume have been investigated. 

2. The importance of maintaining the stock solution of *P free from organic 
and inorganic particulate matter is emphasized. 

3. The importance of immediate sterilization of **P stock solutions by auto- 
claving is stressed. The dangers of dry-oven sterilization are discussed. 


4. The addition of 3% of plasma to the cold saline used for washing the | 


tagged cells is recommended. 

5. Theimportance of routine measurement of the extracellular radio-activity 
of the injection suspension is stressed. 

6. From duplicate measurements of red cell volume on a series of ten 
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normal males, the error of the modified method has been calculated. Expressed 
as a coefficient of variation the error was found to be +1- ‘55°, when three 
post-injection blood samples were used and +2-3% when a single 15 min 
blood sample was used. 


Tam very grateful to Mr N. Veall of the Medical Research Council’s Radiotherapeutic Research 
Unit for his valuable advice and co-operation. I am indebted to Dr P. L. Mollison, Director of the 
Medical Research Council’s Blood Transfusion Research Unit, for his guidance and encouragement 
throughout these investigations. 

Dr E. B. Reeve and Mr N. Veall have kindly allowed me to use the previously unpublished data 
which appear in Table 1. 
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APPENDIX 


Method for measurement of red cell volume (modified from Reeve & Veall, 1949) 

Preparation of tagged cells. 20 ml. of blood was taken from the subject on whom blood volume 

ination was to be made. The blood was taken into a sterile heparinized syringe and mixed 
in the syringe. A fresh sterile needle was applied to the syringe, and approximately 10 ml. of blood 
injected into a sterile vial (of approximately 30 ml. volume capacity), containing 10-15 uC of *P. 
This vial was incubated at 37° C for 30-60 min using a mechanical rolling device to provide 
continuous mixing. Care was taken that the roller was tilted sufficiently to prevent the blood 
running up around the stopper of the vial during the mixing period. 

The remaining 10 ml. of blood was delivered into a dry sterile screw-capped bottle and centri- 
fuged at 2500 rev/min for 20-30 min. 

Washing the tagged cells. Approximately 150 ml. of sterile pyrogen-free 0-9% (w/¥) sodium 
chloride solution was chilled to +4° C. Using a sterile pipette the supernatant heparinized plasma 
(obtained from the screw-capped bottle) was added to the cold saline, There was thus approxi- 
mately 3% of plasma in the saline to be used for washing. The plasma-saline was kept in an ice- 
water bath throughout the washing period. 
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, After incubation, the vial was filled with cold plasma-saline to within 1 ml. of its capacity of 
30 ml. This transfer was made using a sterile syringe fitted with a long (8 cm) sterile needle. The 
stopper was flamed and replaced, and the contents thoroughly mixed. 

The vial was centrifuged for 6-8 min at 2500 rev/min and all possible supernatant fluid and 
white cell layer removed with a sterile pipette attached to the ordinary apparatus. The vial was 
then re-filled with cold plasma-saline and thoroughly mixed, taking care to get all of the red cells 
up off the bottom of the vial. The vial was re-centrifuged and the supernatant removed twice more. 
Centrifugation was continued for 10 min on the third occasion in order to produce tight packing 
of the red cells. Following the third centrifugation the supernatant was removed, taking care not 
to stir up the packed red cells. The vial was kept in an ice-water bath and cold plasma-saline 
(approximately 22 ml.) added very slowly so that the red cells were not disturbed and remained 
packed at the bottom of the vial. Care was taken not to disturb the packed red cells until just 
before injection into the subject. The tagged red cells over-layered with plasma-saline in the 
manner just described could be kept in the ice-water bath for at least 1 hr with less than 0-2 % loss 
of their radio-activity into the suspending medium. (It is of interest that, in a separate series of 
ten red cell volume measurements in which the packed cells over-layered with ice-cold plasma- 
saline were simply allowed to stand at room temperature until injected, the mean extracellular **P 
activity was 0-43% as compared with 0-24 % for samples kept in an ice bath.) 

Injection of tagged red celle. Immediately before injection the vial was removed from the ice bath 
and thoroughly mixed by repeated inversion and gentle agitation, taking care to get all adherent 
red cells up from the bottom of the vial. Violent shaking at this point was carefully avoided. 

The suspension of tagged cells was then drawn up into a dry sterile calibrated syringe. Air 
bubbles were carefully removed, and as soon as possible thereafter 20 ml. of suspension was 
injected intravenously. There was never more than 2 or 3 min delay at this point in the procedure. 

The vial containing the remainder of the tagged cell mixture was kept at room temperature from 
the time of mixing until the completion of the injection. 

Separation of the ‘swpernatant’ from the injection suspension. Immediately after completion of 
the injection the vial was replaced in the ice bath. As soon thereafter as possible (within 10 min) 
the contents were thoroughly mized (to ensure that a representative sample was left behind in the 


vial), and approximately 3 ml. were poured off into a test tube which was immediately centrifuged 


at 3000 rev/min for 2-3 min. The supernatant was immediately transferred to a second test tube 
and re-centrifuged for 5 min, following which the cell-free supernatant was transferred to a clean 
test tube for subsequent analysis. 

Removal of blood samples. Venepunctures were performed on the opposite arm from that used 
for injection of the tagged cells. Approximately 7 ml. of blood were drawn into a heparinized 
syringe at 15 min intervals following injection. Three such samples were taken (i.e. 15, 30 and 
45 min following the injection). The blood was mixed in the syringe and then transferred to 
a calibrated centrifuge tube, A sample for determination of packed cell volume was removed 
immediately (before any settling of the red cells had occurred). Any blood remaining on the wall 
of the tube was removed as completely as possible on a cotton swab moistened with saline, and 
the tube was then tightly capped. 

Preparation of the standard for counting. Using a calibrated pipette and a calibrated volumetric 
flask a 1/100 or 1/200 dilution of the injection suspension was prepared. The dilution was not made 
in distilled water alone, for it is important to have an adequate amount of ‘carrier-phosphorus’ 
present to avoid error due to adherence of the **P to the glass walls of the flask. For this reason 
the diluting fluid was made up of approximately two parts of distilled water and one part of 
phosphate citrate buffer (Reeve & Veall, 1949). Since the phosphate buffer is isotonic it is impor- 
tant not to have less than this proportion of water to buffer, otherwise the red cells may not 
haemolyse, and it is important that counting be done on completely haemolysed samples. 

Preparation of the ‘ supernatant’ for counting, The supernatant fluid removed from the injection 
solution, as described above, was diluted one part in ten in phosphate buffer. 

Preparation of the blood samples for counting. The tubes containing the blood samples were 
centrifuged sufficiently to allow accurate reading of the plasma meniscus and thus of the volume 
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of the sample. Correction of this reading for any error of the tube was then made so that the true 
volume of the sample was known. The volume was then made up to 10 ml. with phosphate citrate 
buffer and sufficient dry saponin added to haemolyse the sample, The tube was tightly capped and 
the sample well mixed until complete haemolysis had occurred and no trace of packed red cells 
remained on the walls or at the bottom of the tube. The sample was now ready for counting. 

Measurement of radio-activity. All measurements were made using a Geiger-Miiller counter and 
employing the liquid counter tube described by Veall (1948). The estimation of the **P concentra- 
tion in the injection suspension and in the blood samples was based on not less than 10,000 counts 
in all instances, All counts were corrected for background and for the counter resolving time. 
Background counts were of the order of 5% or less of the total count. As described by Reeve & 
Veall (1949), a mean loss rate from the cells of 6% of the total **P per hour was assumed, and the 
values for the 15, 30 and 45 min blood samples were corrected accordingly. 

Packed cell volume. The packed cell volumes were determined in Wintrobe haematocrit tubes, 
spun at 3000 rev/min for 55 min in a centrifuge of radius 15 cm. The observed packed cell volume 
was corrected for trapped plasma to give the ‘true packed cell volume’, using the calibration 
curve described by Chaplin & Mollison (1952). 

Estimation of red cell volume. The red cell volume (B.0.v.) was calculated from the equation 

B.0.V, =Sgv/N, 


where S,=the *P content of unit volume of the injected radio-active red cells, v=the volume of 
the injected radio-active red cells, and N =the *P content of unit volume of the red cells in the 
subject’s blood sample, corrected for loss of **P, etc. 
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POTENTIATION OF PHARMACOLOGICAL EFFECTS OF 
HISTAMINE BY HISTAMINASE INHIBITORS 


By 0. ARUNLAKSHANA*, J. L. MONGAR anp H. 0. SCHILD 
From the Department of Pharmacology, University College, London 
(Received 12 June 1953) 


Best showed in 1929 that extracts of animal tissues destroy histamine and 
named the enzyme system concerned in this reaction histaminase. In 1938 
Zeller described an enzyme, diamine oxidase, which destroys the diamines 
putrescine and cadaverine (Zeller, 1938a), and subsequently concluded that 
histaminase and diamine oxidase were identical (Zeller, 19385). This conclu- 
sion was based on the finding of a strict parallelism between destruction of 
histamine and cadaverine by diamine oxidase preparations from different 
sources ; competitive inhibition of diamine oxidase by histamine and cadaverine ; 
and inhibition of the destruction of both substances by antagonists of diamine 
oxidase. More recently, however, Kapeller-Adler (1949, 1951) has questioned 
the identity of the two enzymes. 

All carbony] reagents so far examined inhibit diamine oxidase, often in very 
low concentrations (Zeller, 1942). Zeller has shown that semicarbazide, thio- 
semicarbazide and hydroxylamine produce this effect, and has suggested that 
diamine oxidase itself contains carbonyl groups which interact with diamines 
and are blocked by carbonyl reagents. Various other compounds also inhibit 
diamine oxidase, though less actively, e.g. guanidine and iminazole and their 
derivatives. One of the derivatives of guanidine, however, aminoguanidine, is 
a powerful inhibitor of diamine oxidase (Schuler, 1952), and it is probably 
relevant that this compound possesses a reactive amino group like the typical 
carbonyl] reagents. | 

The present experiments started with the observation that in the presence 
of semicarbazide the action of histamine on guinea-pig intestine was markedly 
potentiated. Then it was found that other effects of histamine were also 
potentiated and that other histaminase inhibitors acted like semicarbazide. 
Experiments dealing with the potentiation of histamine by histaminase inhi- 
bitors are described in the first part of this paper. The experiments described 
in the second part were designed to test whether the potentiating effects of 
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histaminase inhibitors are a direct consequence of their action on the enzyme. 
It was found that the tissues in which potentiation occurred contained 
appreciable amounts of histaminase. A quantitative comparison was made of 
the histaminase inhibiting and potentiating activity of various types of com- 
pounds, and the effect of several of the compounds was tested on certain 
analogues of histamine which, though pharmacologically closely related to 
histamine, are resistant to histaminase. A preliminary account of some of 
this work has been published (Mongar & Schild, 1951). 


METHODS . 


The isolated ileum, tracheal chain and uterus of young guinea-pigs were used. The tracheal chain 
was prepared by tying rings of trachea in such a manner that the muscular portions were aligned. 
The ileum was suspended in a 1 ml. bath in Tyrode solution (NaCl 8-0, KCl 0-2, CaCl, anhyd. 
0-2, MgCl, 0-1, NaHCO, 1-0, NaH,PO, 0-05, glucose 1-0 g/l.) stirred with O,; the uterus in a 5 ml. 
bath in Tyrode sointion and the tracheal chain in a 5 ml. bath in Krebs’s solution (NaCl 6-9, 
KCl 0-43, CaCl, 0-28, MgSO, 0-14, NaH,PO, 0-14, NaHCO, 2-1, glucose 1-0 g/l.) stirred with 
0,+5% CO,. All experiments on isolated tissues were carried out at 37° C using automatic assay 
apparatus. The isolated organ bath and accessories are shown in Fig. 1. The automatic switching 
unit is described in detail elsewhere (Boura, Mongar & Schild, 1954). It is a development of the 
principle already described (Schild, 19472). By means of this apparatus the various operations 
of filling and emptying the bath are carried out mechanically. In the experiments using the ileam 
the drugs were also administered automatically by completely replacing the bath solution with 
pre-warmed solution of the drug. The experiments with uterus and tracheal chain were done using 
the automatic apparatus, but in this case the drugs were injected by hand. The chief advantage of | 
the automatic method is that the preparations respond very uniformly and can be stabilized by 
a preliminary series of doses of histamine before introducing the potentiating drug. In this way 
a small potentiation such as is frequently produced by histaminase inhibitors can be detected with 
a degree of confidence not otherwise attainable. 

The usual procedure was first to establish a tration—action curve for histamine, then to 
stabilize the preparation by constant doses of histamine and finally to add the potentiating drug 
whilst continuing to administer histamine at regular intervals. These intervals were as a rule ] min 
for the ileum, 3—5 min for the uterus and 30 min for the tracheal chain. The potentiating drug was 
added either to the washing solution alone or to both washing and drug solutions. 

Inhibition of histaminase, Histaminase was used in the form of a crude acetone-dried powder 
prepared from pig kidney cortex. Two ml. of 2x 10~’ histamine solution in phosphate buffer 
of pH 7-2 were incubated with 20 mg of the dry enzyme powder and varying concentrations of 
inhibitor in stoppered flasks in an atmosphere of oxygen. The flasks were shaken in a bath at 
37° C for 30 min. The histamine not destroyed was determined biologically after heat-inactivation 
of the histaminase. Careful four-point assays were necessary to obtain a quantitative measure of 
the destruction. 

Measurement of histaminase activity by a colorimetric method. In a limited number of experiments 
involving high substrate concentrations (10-* m), destruction of the substrate (histamine or its 
analogues) was estimated chemically by determining the ammonia produced. 0-5 ml. of the heat- 
inactivated solution was placed in the outer cup of a Conway micro-diffusion unit along with 0-7 ml. 
saturated potassium carbonate solution. The inner cup contained 1 ml. of x/100 sulphuric acid. 
One hour at room temperature was allowed for equilibration. Then 0-4 ml. of the contents of the 
inner cup were pipetted into a 1 cm micro-absorption cell of the Spekker colorimeter, 0-05 ml. of 
freshly filtered Nessler reagent were added and the solutions were thoroughly mixed. Absorption 
was measured immediately using Spectrum no. 2 (blue) filters. A blank was obtained by incubating 
enzyme with buffer solution in the absence of substrate. 
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Histaminase content of isolated guinea-pig tissues. The tissues were cut into fragments weighing 
about 5 mg and incubated, at 37°C with shaking, in 10~’ histamine solution (10 ml./100 mg 
tissue). The histamine not destroyed by the enzyme in the tissue was determined at half-hourly 
intervals by withdrawing small samples for biological assay. 


warming 
tube 
Jacketed Diagram of electromagnet. | 
(half size) represented 
oan by adjacent symbol 


guinea-pig ileum preparation. The t shown was used for giving alternate 
doses of histamine and acetylcholine. Immediately after emptying out the washing solution 
an amount of drug solution just sufficient to fill the bath flows in via the jacketed warming 
tube. On completion of the contraction the bath is again emptied and Tyrode washing 
solution flows in. These operations are carried out by electro-magnets (shown in detail in 
insert) which compress rubber tubing; their timing is automatically controlled. After giving 
repeated doses of stimulant drug to establish a steady preparation a potentiating drug is 
added to the solutions. 


Tyrode 
Histamine 
in tyrode Acetylcholine j 
in tyrode 
Jacketed iL 
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The following drugs were used: histamine acid phosphate (B.D.H.); acetylcholine chloride 
(Roche); semicarbazide hydrochloride (B.D.H.); B, pyrimidine hydrochloride (2-methyl-4-amino- 
5-methylamino pyrimidine) (Roche); hydroxylamine hydrochloride (B.D.H.); cadaverine (penta- 
methylene diamine dihydrochloride) (Light and Co.); guanidine hydrochloride, methyl guanidine 
sulphate and asym.dimethyl guanidine sulphate (B.D.H.); amino-guanidine bicarbonate (Light) ; 
iminazole (Roche); dimethyl iminazole (B.D.H.); choline chloride (B.D.H.); physostigmine sali- 
cylate (B.D.H.); 8-2-pyridylethylamine hydrochloride (Maltbie Chemical Co., Newark, N.J.); 
B-3-pyrazolethylamine hydrochloride (Eli Lilly Chemical Co.). The concentration of all compounds 
is based on these salts except for histamine where it refers to the free base. All concentrations are 
expressed in w/v unless molar concentrations are explicitly mentioned. 


10-* S.c. 


10~* S.c. S.c. 


Fig. 2. Potentiations using guinea-pig ileum preparation in Tyrode. Contractions produced by 
5 x 10-* histamine, Semicarbazide (s.c.) was added to the solutions for the periods indicated. 
An appreciable potentiation is produced by a concentration of 10-*; 10~* gives a greater effect. 
The lower tracing illustrates reversibility of potentiation. 


RESULTS 
Part I. Potentiation of histamine 
Guinea-prg tleum 
Semicarbazide. The effect of semicarbazide on the contractions produced by 
histamine in the guinea-pig ileum is shown in Fig. 2. The addition of 10-° 
semicarbazide to the Tyrode washing solution caused slight potentiation, and 
3-2 
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10-* marked potentiation corresponding approximately to a doubling of the 
dose of histamine. Semicarbazide itself produced no contraction of the ileum 
as shown by the fact that the base-line remained unchanged even though 
semicarbazide had been added to the washing solution. The potentiating effect 
increased during the course of several histamine contractions and then remained 
more or less constant. When semicarbazide was omitted, the potentiation was 
reversed. This cycle of operations could usually be repeated several times. 


2r 
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10" 10 10" 3 
Concentration of semicarbazide 


Fig. 3. Effect of concentration of semicarbazide on potentiation of histamine contractions of 
guinea-pig ileum. The potentiation (ordinate) is expressed in terms of the dose of histamine 
that would be required in the absence of potentiator to produce the same effect. Each point 
represents an experiment on a fresh preparation. The degree of potentiation depends on the 
concentration of semicarbazide used. High concentrations of potentiator depress the 
histamine responses. 


The most consistent potentiations are obtained in fresh preparations which 
have been stabilized by repeated frequent doses of histamine added at intervals 
of 60-80 sec, and which show a steep dose-response curve with histamine itself. 
Since potentiation and histamine ‘slope’ are apparently correlated, the degree 
of potentiation has as a rule been expressed in terms of the equivalent dose of 
histamine rather than in terms of the effect produced. The degree of potentia- 
tion depends on the concentration of semicarbazide. This is shown in Fig. 3 
which summarizes the results of a series of experiments extending over several 
months. Maximum potentiation occurs with 10-* semicarbazide, higher con- 
centrations are less effective, and concentrations above 10-* depress the 
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response to histamine. There is considerable variation in the degree of 
potentiation produced by any one concentration of semicarbazide in different 
preparations. At best the degree of potentiation of histamine by histaminase 
inhibitors in the guinea-pig ileum preparation is much less than the corre- 
sponding potentiation of acetylcholine by eserine (cf. Fig. 135). 
Other antihistaminases 

} A number of other known inhibitors of diamine oxidase or histaminase were 
similarly tested, and all were found to potentiate the effects of histamine on 
guinea-pig ileum. These substances can be divided into four classes: typical 
carbonyl reagents, diamines, guanidine and derivatives, and glyoxaline and 
derivatives. A summary of results is given in Table 1. 


Wr 


10 
Hydroxylamine 
O Cadaverine 
| 
10° 10° 


@ B, pyrimidine 


0 j 
10° 10+ 
Molar concentration 
Fig. 4. Effect of concentration of carbonyl reagents and diamines on potentiation of histamine 
contractions of guinea-pig ileum. Each point represents an average of three or four experi- 
ments. Low voncentrations potentiate, high concentrations depress. 


Carbonyl reagents. Besides semicarbazide (I) two other typical carbonyl 
reagents were investigated, hydroxylamine (II) and thiosemicarbazide (III). 
These compounds potentiate histamine in low concentrations; they tend to 
depress in high concentrations (Fig. 4), but they are less active than semi- 
carbazide both with regard to threshold dose and degree of potentiation. 
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Table 1 shows that the mean potentiation at the optimum concentration was 
only 1-23 for hydroxylamine and 1-15 for thiosemicarbazide. Hydroxylamine 


Tasuz 1. Summary of potentiation results with eleven compounds tested on the guinea-pig ileum. 
absence of potentiator to produce the same effect. 2s 7 

0. 
um results 
| 

Compound No. Formula (m) 


NH.NH, 

Hydrorylamine NH,.OH 10-* 123 (3 
_NELNE, 

Thicsemicarbaside Il ccs 10-5 

Cadaverine Iv NH,(CH,),.NH, 10-8 
N 
CH, NH, 

B, pyrimidine Vv 10-5 4 

CH,.NH, 
Guanidine o<NH 1 
Methyl-guanidine vil 18 1 
Dimethyl-guanidine 25x10-* 20 1 
Amino-guanidine Ix 10+ 17 3 
N 
H 
cH, 
N 


* In higher concentrations these compounds produce a rise of base-line. 


has a strong depressor component, and it is possible that this may mask, to 
some extent, its potentiating effect. 
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Diamines. The diamines cadaverine (IV) and B, pyrimidine (V) (2-methy]- 
4-amino-5-methylamino pyrimidine) were tested. Zeller, Schar & Staehlin 
(1939) found that histamine and cadaverine acted as competitive inhibitors 
of diamine oxidase and that the affinity of diamine oxidase for cadaverine 
was of the same order as for histamine. The use of B, pyrimidine (an inter- 
mediate in the synthesis of vitamin B,) was suggested by Prof. F. Bergel. 
The compound has not previously been found to inhibit histaminase but, as 
| will be shown in a later section of this paper, it has a marked antihistaminase 

activity. 

* Both diamines produce potentiation, cadaverine producing maximum poten- 
tiation at @ concentration of approximately 10-* m (Fig. 4). B, pyrimidine, 
one of the most active potentiators encountered, is 100 times more active than 
cadaverine. It has been used, along with semicarbazide, to test the effect of 
histaminase inhibitors in tissues other than the ileum. 

Guanidine derivatives. Guanidine (VI) and dimethylguanidine (VIII) were 
found by Blaschko (1939) to be competitive inhibitors of histaminase. Both 
compounds, as well as methylguanidine (VII), potentiate histamine on guinea- 
pig ileum, but their effects differ in several respects from those of semicarb- 
azide. The guanidine derivatives potentiate only at relatively high concentra- 
tions, and their concentration—action curves exhibit no maximum but a graded 
increase of effect with dose (Fig. 5). In contrast to the carbonyl reagents, very 
high doses of the guanidines have a stimulant action of their own on plain 
muscle. They tend to produce a permanent rise of base-line when they are 
added to the Tyrode solution, and under these conditions it is difficult to 
measure the degree of potentiation quantitatively. In Fig. 5 those potentiation 
effects which were accompanied by a rise of base-line are shown by dotted 
lines, 

Although derived from guanidine, aminoguanidine (IX) can be classed as 
a carbonyl reagent differing from semicarbazide only by the substitution of 
the =NH group for =O on the central carbon atom. Schuler (1952) investi- 
gated the effect of aminoguanidine on diamine oxidase from hog kidney using 
cadaverine as substrate, and concluded that it was the most active inhibitor 
of diamine oxidase known at present. Aminoguanidine became available to 
us only after completion of this series of experiments. It could be shown that 
it strongly potentiated histamine on guinea-pig ileum in a concentration of 
10-* 

Iminazoles. Iminazole (X) (glyoxaline) has been shown to inhibit histaminase 
(Gebauer-Fuelnegg & Alt, 1932) and diamine oxidase (Zeller, 1941). Morris & 
Dragstedt (1945) found that large concentrations of iminazole (1500 times the 
concentration of histamine) antagonized the effect of histamine on guinea-pig 
ileum. In our own experiments concentrations from 10~* to 10-* m iminazole 
consistently potentiated the effect of histamine on the guinea-pig ileum (Fig. 5). 


ee — 

| 
i 


40 0O. ARUNLAKSHANA, J. L. MONGAR AND H. O. SCHILD 


Above 10-*m this compound had a direct stimulating action of its own. 
Dimethyliminazole (XI) had a similar though stronger potentiating effect than 


iminazole. 


/ 
© Iminazole / / / 
A Guanidine 
Methyl guanidine j 
@ Dimethyl! guanidine / / 


10° 10° 10? 
Molar concentration 


Fig. 5. Effect of concentration of guanidines and iminazoles on potentiation of histamine contrac- 
tions of guinea-pig ileum. High concentrations tend to have a direct stimulant action of their 
own. Experiments in which a rise of base-line occurred are shown by dotted lines. 


Potentiation of the effects of histamine on other test objects 
The effect of histaminase inhibitors was tested on three other test objects 
known to give a reproducible and graded response to histamine. The histamine 
contractions of the guinea-pig uterus and trachea were markedly potentiated 
. by histaminase inhibitors. On the other hand, potentiation of the depressor 
effect of histamine on the cat’s blood pressure was seen only in a minority of 
experiments. 
Guinea-pig tracheal chain. Amongst all preparations investigated the tracheal 
chain of the guinea-pig gave the strongest and most consistent potentiations 
with histaminase inhibitors. This is probably due partly to a high histaminase 


content (p. 44) and partly to the slow rate of contraction of this preparation — 


allowing the enzyme more time to act. A contraction in this preparation takes 
10-15 min as compared, with 10-15 sec for the ileum. Histaminase inhibitors 
B, pyrimidine or semicarbazide, were added to the bath 4 min before adding 
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histamine; they produced no effect of their own but caused a marked potentia- 
tion of histamine which in some cases amounted to the equivalent of an eight- 
fold increase in dose. The potentiating effect of 10-7 and 10-* B, pyrimidine is 


H H H H H 

Fig. 6. Potentiation of histamine contractions of guinea-pig tracheal chain in Krebs’s solution. 
Contractions produced by 2 x 10~* histamine (H). B, pyrimidine was added to the bath 4 min 
before the histamine dose and left in for the period indicated. A concentration of 10-* is 
sub-threshold; 10-7 shows marked potentiation, and 10-* maximum potentiation. 
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B, pyrimidine 


10" 10* 
Concentration of potentiator . 
0125 


Fig. 7. Effect of concentration of potentiator on histamine contractions of guinea-pig 
tracheal chain using B, pyrimidine and semicarbazide. 


illustrated in Fig. 6; it can be reversed by removing the potentiator and can be 
elicited repeatedly in the same preparation. Fig. 7 illustrates the relation 
between concentration of B, pyrimidine and ‘tegree of potentiation. A con- 
centration of 10-* B, pyrimidine is already markedly effective; 10-* produces 
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maximal potentiation; there is little evidence of depression even at 10-‘. 
Semicarbazide, on the other hand, is depressant when used in high concentra- 
tions; it potentiates at a concentration as low as 10~-* and antagonizes histamine 
in concentrations above 10-°. 


Fig. 8. Potentiation of histamine contractions of guinea-pig uterus in Tyrode solution by B, 
pyrimidine. Contractions were produced by 0-2 zg histamine in a 5 mi. bath. B, pyrimidine 
was added for the periods indicated. A concentration of 10-" has no effect; 10~* is threshold, 
and 10~* optimum; 10~* causes a rise of base-line. 


8 
4 
2 


: Concentration of potentiator 
Fig. 9. Effect of concentration of potentiator on histamine contractions of guinea-pig 
uterus using B, pyrimidine and semicarbazide. 


Isolated guinea-pig uterus. This preparation is difficult to stabilize, but once 
stabilized a potentiation of histamine effects by histaminase inhibitors can 
usually be demonstrated. This is illustrated for four concentrations of B, 
pyrimidine in Fig. 8. Although low concentrations of this compound have no 
stimulant action of their own, concentrations above 10-* tend to produce 
a rise of base-liné in this preparation. Fig. 9 shows that B, pyrimidine 


Be produces threshold effects at 10-* and maximal potentiation at 10-* to 10-‘. 
_Semicarbazide is less active in this preparation than B, pyrimidine. 


Cat’s blood pressure. Using eviscerated cats under pentobarbitone a distinct 
potentiation of the depressor effects of histamine by B, pyrimidine was recorded 
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on ten different occasions in four cats; in the remaining seven cats, no poten- 
tiation was observed. Instances of potentiation are shown in Fig. 10; in each 
case B, + weet itself caused a fall of blood pressure followed by potentiation 
of the effects of one or two subsequent doses of histamine. It is interesting that 
depression of blood pressure by the histaminase inhibitor itself and subsequent 
potentiation of histamine effect generally occurred together; there was a posi- 


H 8 H H H 


Fig. 10. Potentiation of histamine effects on cat’s blood preasure (pentobarbitone, eviscerated) by 
B, pyrimidine. Upper tracing: H, successive injections of 0-13 ug histamine; B, injection of 
0-13 mg B, pyrimidine has a small depressing action of its own and the effect of the subsequent 
dose of histamine is potentiated. Lower tracing: H, successive injections of 0-05 yg histamine. 
B, injection of 0-13 mg B, pyrimidine has a large depressing action and the effects of the two 
following doses of histamine are potentiated. 


tive correlation between the magnitude of the two effects (r =0-74, P= <0-01). 
In several instances B, pyrimidine caused neither depression of blood pressure 
nor potentiation. Possibly both effects are due to inhibition of histaminase 
causing in the one case activation of endogenous histamine, and in the other 
potentiation of injected histamine. 


Part II. Potentiation and histaminase inhibition 


The most obvious explanation of the potentiating effects of antihistaminases 
is that they are due to inhibition of the enzyme. But we have not yet 
excluded the possibility that the potentiation is due to a direct sensitizing 
effect resulting in a general increase in response to drugs. Three types of 
experiments were carried out to show that potentiators act by inhibiting 
histaminase: (1) demonstration that tissues which gave potentiation effects 
contain histaminase; (2) quantitative comparison of potentiating and anti- 
histaminase activities of different compounds; (3) comparison of the effect of 
antihistaminases on histamine and on drugs which are resistant to histaminase. 
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Histaminase content of isolated guinea-pig tissues 
The histaminase content of the ileum, trachea and uterus of the guinea-pig 
was determined. The mucosa of the ileum was scraped off and discarded since 
preliminary experiments showed that it had a high histaminase content. The 
trachea was used with cartilage but the fraction of cartilage (about 65°/,) was 
allowed for in the calculation of the enzyme content. Small non-pregnant 
uteri were used, similar to those used in the pharmacological experiments. 


TaB_e 2, Percentage destruction of histamine (10-") by guinea-pig tissues incubated for varying 
times, Each result is the mean of two or three experiments. The tissue fragments of ileum 
and uterus occupy 1/100th, and those of trachea 1/300th of the volume of the solution (see 


text). 
(b) 
(a) Calculated 
Incubation time (min) Half-time half-time 
wn (min) (sec) 
8 for solution 
Trachea 13 19 34 3048 195 39 
eum 27 — 78 47 
Uterus 7 32 Ss 4 72 1238 77 


(It was found that pregnant uteri contained increased amounts of histaminase.) 
Table 2 shows the rate at which histamine was destroyed in 10 ml. of solution 
when incubated with about 100 mg of tissue fragments. All three tissues 
contained appreciable amounts of histaminase, the average half-times found 
by interpolation were 78, 128 and 195 min for ileum, uterus and trachea, 
respectively. Under the conditions of these experiments most of the cells are 
undamaged and it can be assumed that the destruction of histamine takes 
place mainly in the tissue fragments. The times in Table 2, column ‘a’, relate 
to the histamine depletion in the solution, but for correlating potentiation 
with destruction of histamine we are interested in the rate of depletion in the 
tissue fragments which occupy only a small fraction of the solution (;4,th for 
ileum and uterus and s},th for trachea), and in which the rate of destruction 
must be correspondingly faster. The calculated half-times within the tissue 
fragments are thus ae 39 sec for trachea, 47 sec for ileum and 77 sec for 
uterus, Even these times are probably overestimations since the rate of 
destruction is limited by the rate of diffusion into the fragments. 


Most of the potentiators we used have previously been described as inhibitors 
of diamine oxidase or histaminase, but no comparative data were available. 
It was accordingly decided to determine by a common method the inhibiting 
activity of a number of potentiators with a view to correlating this with their 
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potentiating activity. Kight compounds selected from different chemical 
groups were used in this series. The amount of inhibition of destruction when 
a histamine solution was incubated with a crude histaminase preparation was 
determined for a range of concentrations of the inhibitors. By plotting the 
percentage inhibition of histamine destruction against log. concentration of 
inhibitor, S-shaped curves were obtained from which the concentration 
producing a given percentage inhibition may be read off. The inhibition 
obtained with various concentrations of inhibitors is shown in Table 3. 


Tasts 3. Details of inhibition of histaminase activity by eight of the potentiators of Table 1. 
Substrate: 10~* histamine, incubated at 37° C for 30 min with 10 mg/ml. pig kidney cortex 
acetone-dried powder. 

% inhibition at various concentrations (m) 


Inhibitor 10-* 10-* 10-* 
Semicarbazide 10 20 70 81 76 — 
Hydroxylamine —_— 19 68 100 98 
Thiosemicarbazide — -0 2 -5 65 65 
Cadaverine 2 -1 16 13 35 56 
B, pyri 0 22 75 89 86 — 
Guanidine —_ 1 1 16 53 75 
Dimethylguanidine —_ 5 4 31 66 93 

29 73 87 


The results are summarized graphically in Fig. 11, which illustrates both the 
potentiating activities and the antihistaminase activities of the eight compounds 
tested. There is close parallelism between the two types of activity. The two 
most active potentiators, semicarbazide and B, pyrimidine, are the most 
active inhibitors of histaminase; the guanidine derivatives which are 100 to 
1000 times less active as potentiators are correspondingly less active as inhi- 
bitors. The remaining compounds are intermediate in both respects. A diagram 
illustrating the correlation between potentiation and inhibition is shown in 
Fig. 12, The correlation has been calculated for threshold effects (5° potentia- 
tion and inhibition) and for large effects (40 %, potentiation and 50 ° inhibition) ; 
both correlations are statistically significant. 


Specificity of potentiation by antuhistaminases 
Two groups of drugs not destroyed by histaminase were hivebigined : 
(a) acetylcholine and choline, (b) pyridylethylamine and pyrazolethylamine, 


Acetylcholine and choline 

Neither acetylcholine nor choline is potentiated by histaminase inhibitors 
under conditions in which histamine is markedly potentiated. In the experi- 
ment illustrated in Fig. 13a contractions of the guinea-pig ileum were induced 
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alternately by histamine and acetylcholine. B, pyrimidine (10~*) added to the 
Tyrode solution markedly increased histamine contractions without affecting 
those due to acetylcholine. In other similar experiments previously reported 
(Mongar & Schild, 1951), semicarbazide (10~*) caused a strong potentiation of 
histamine without affecting acetylcholine. Thus the histaminase inhibitors 


10-4 107 


Fig. 11. Comparison of activity of eight compounds as inhibitors of histaminase and potentiators 
of histamine contractions of the guinea-pig ileum. The slope and position of the lines have 
been obtained from the data of Table 3 and Figs. 4 and 5. It will be that those com- 
pounds which are most active as inhibitors of histaminase are also the most active potentiators. 


differentiate between histamine and acetylcholine, potentiating only the 
former. ‘Similar results were obtained using choline instead of acetylcholine. 
The opposite effect is produced by eserine which preferentially potentiates 
acetylcholine as shown in Fig. 136, Eserine, however, also causes some 
potentiation of histamine which may be unspecific and due to the accumula- 
tion of endogenous 
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10° r 

10* 
ae 

10* 

10% 10 10~ 10% 10" 107 
5% potentiation 50% inhibition 


Fig. 12. Correlation between concentrations of eight different compounds required for potentiation 
of histamine effects on guinea-pig ileum and inhibition of histaminase. (a) Concentrations for 
5% potentiation and 5% inhibition (r «0-34, P =0-01). (6) Concentrations for 50% inhibition 
and 40% potentiation (r=0-89. P=0-003). The regression lines have been calculated by 
least squares. 


10- 7 B,-P. 


L 
2x 10-* Es. 

Fig. 13, Specificity of potentiating action. Using alternate doses of acetylcholine 2 x 10~*(A), and 
histamine 5 x 10-* (H), on guinea-pig ileum in Tyrode solution (a) 10’ B, pyrimidine 
potentiates only histamine effects (b) 2x 10-* eserine potentiates mainly acetylcholine 
effects. | 
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Pyridylethylamine and pyrazolethylamine 

_p-2-Pyridylethylamine was first investigated by Walter, Hunt & Fosbinder 
(1941) and B-3-pyrazolethylamine by Lee & Jones (1949). The pyridyl com- 
pound had a histamine-like action on smooth muscle and blood pressure, but 
the pyrazole compound was stated to be devoid of activity on guinea-pig 
ileum. These compounds have recently been investigated by Arunlakshana 
(1953) who showed that they both have similar actions to histamine, although 
higher concentrations are generally required to produce the effects; e.g. they 
contract the guinea-pig ileum and tracheal chain and lower the cat’s blood 
pressure. Not only have these compounds pharmacological actions which are 


similar to histamine but they are also antagonized by antihistamines to the 


same extent as histamine itself. Their pA, (Schild, 1947a) values against 
mepyramine and diphenhydramine are the same as those of histamine 
(Arunlakshana, 1953). These results suggest that these substances act on 
the same receptors as histamine (Schild, 19476) on smooth muscle. (The 
word ‘receptors’ is used here to denote the site of action of the drug and does 
not imply any theory of its nature; Gaddum, 1943.) There is, however, one dis- 
tinct difference from histamine: neither compound is destroyed by histaminase 
as shown in the next section. It was therefore of special interest to find out 
whether these compounds, which act on the same receptors as histamine but 
are not destroyed by histaminase, would fail to be potentiated by histaminase 
inhibitors. 

_ Effect of histaminase, The effect of histaminase on the histamine analogues 
was tested by two methods. In one series concentrations of the same order of 
activity of histamine (10-7) pyridylethylamine (10-*) and pyrazolethylamine 
(5x 10-5) were incubated with histaminase, and after a period of 4 hr their 
activity was assayed biologically on tie guinea-pig ileum, The activity of the 
two analogues was unchanged, whilst most of the histamine had been destroyed. 

In another experiment equal concentrations of the three compounds were 
incubated with histaminase, and the ammonia produced was estimated colori- 
metrically. 12 »g of ammonia was produced by the histamine solution, whilst 
less than 1 »g was obtained from each analogue: Thus both experiments agree 
in showing that the two analogues are not destroyed by histaminase. 

Effect of histaminase inhibitors, A series of potentiation experiments was 
carried out with both the pyridyl and pyrazole analogues. The general plan 
was to administer by means of the automatic apparatus alternate equi-active 
doses of histamine and one of the analogues, and after a certain time add 
a histaminase inhibitor to the Tyrode washing solution continuing the admini- 
stration of alternate doses of the two drugs. This procedure produced a differen- 
tial potentiation of histamine. Fig. 14 shows absence of potentiation of the 
pyrazole analogue on the guinea-pig ileum by semicarbazide 10-*, B, pyrimidine 


. 
10 
the 
hi 
Pi 
& 
4 


POTENTIATION OF HISTAMINE BY ANTIHISTAMINASES 49 


10-*, and cadaverine 10~*; in each case the effect of histamine is markedly 
potentiated. Fig. 15 shows absence of potentiation of the pyridyl analogue on 
the ileum by semicarbazide 10-* and cadaverine 10-5. Nine experiments of 
this kind were performed, six with the pyridyl and three with the pyrazole 


semicarbazide 


10-* B, pyrimidine 


10-5 cadaverine 


Fig. 14. Specificity of potentiating action using alternate doses of histamine 10-* (H) and pyrazol- 
ethylamine 1-5 x 10-* (not labelled), on guinea-pig ileum in Tyrode solution. The potentiator 
was added to the Tyrode solution for the period indicated. In each case only the histamine 
effects were potentiated. 


compound, Differential potentiation could be demonstrated most satisfactorily 
in preparations newly set up. In these preparations the potentiation was 
readily reversible. Preparations that had been set up for some time as a rule 
showed only slight potentiation. When the potentiation experiments were 
repeated twice or more on the same piece of intestine the effects of the 
potentiators tended to become irreversible. Under these conditions the effects 
of histamine and the analogues tended to increase even in the absence of 
PH. CXXIII. 4 
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potentiators and no further potentiation could be achieved by adding the 
potentiators to the washing solution. In no instance was any potentiation of 


10°* semicarbazide 


_ | 
10-5 cadaverine 
Fig. 15. Specificity of potentiating action using alternate doses of histamine 10-* (H) and pyridyl- 
ethylamine 5 x 10-" (not labelled) on guinea-pig ileum in Tyrode solution. 


2P 10* B,-P. 


Fig. 16. Specificity of potentiation using guinea-pig tracheal chain in Krebs’s solution. H and 2H, 
contractions produced by histamine concentrations of 4 and 8 x 10-’; P and 2P, pyridyl- 
ethylamine concentrations of 2 and 4 x 10-*. 10-* B, pyrimidine was added to the bath for 


the period indicated. Only the histamine effects were potentiated. Bath washed out at W. 


the effects of pyridyl- and pyrazolethylamine observed. Corresponding experi- 
ments on the tracheal chain are illustrated in Fig. 16. In this preparation the 
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contrast between the marked potentiation of histamine and the complete 
absence of potentiation of the stable analogue is particularly clear. 

In conclusion, these experiments have shown that compounds which 
presumably act on the same receptors as histamine, but are resistant to 
histaminase, are not potentiated by histaminase inhibitors. 


DISCUSSION 


It has been shown that histaminase inhibitors potentiate histamine effects, 
and evidence of various kinds has been presented which suggests that the 
potentiation is due to the inhibition of histaminase. This evidence is as follows: 

(1) All histaminase inhibitors so far investigated potentiate histamine effects. 

(2) The potentiating activities of different compounds are correlated with 
their inhibiting activities. | 

(3) The various tissues in which histamine effects are potentiated contain 
histaminase; the tissue in which the inhibitors have the greatest effect, the 
trachea, contains the most histaminase. 

(4) Compounds which are not destroyed by histaminase are not potentiated 
by histamine inhibitors; this also applies to compounds which are closely 
related to histamine and act in the same way. 

The question arises whether the histaminase activity of the tissue is sufficient 
to account for the observed potentiation. Histaminase activity and potentia- 
tion can be correlated as follows. The histaminase activity can be estimated 
from the experiments in which tissue fragments were incubated with dilute 
histamine solutions (of the same order of concentration as those used in the 
pharmacological experiments). The histamine destruction necessary to account 
for the observed potentiation can be estimated from the degree of potentiation ; 
e.g., since histaminase inhibitors produce a twofold increase of the histamine 
effect on the ileum, it can be assumed that in the absence of the potentiator 
only one-half of the histamine on the average reaches the receptors in this 
preparation, the rest being destroyed by histaminase. The rate of destruction 
cannot be accurately estimated, but the average time during which it takes 
place cannot be longer than the contraction time and is presumably less. In 
ileum this time is 15 sec; within this period one-half of the histamine that would 
have otherwise reached the receptors has been destroyed. This compares with 
a half-time for destruction of 50 sec in the incubation experiments. 

In the case of the trachea the discrepancy is the other way round. The con- 
traction time is 600 sec for a fourfold potentiation, so that the calculated half- 
time of destruction in the contracting tissue is 300 sec, whereas the half-time 
of destruction derived from incubation experiments is only 39 sec. These 
comparisons are set out in Table 4 for the three tissues concerned ; the calcula- 


tions involved must inevitably be very approximate. For one ar the 
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histaminase concentration near the histamine receptors may be different from 
the average activity found for the whole tissue; nothing is known of the 
localization of histaminase in relation to the receptors. Moreover, as we have 
seen, both the calculated half-times of destruction have probably been over- 
estimated. But it appears that the enzyme activity is of the right order for the 
observed potentiations in each case; a better agreement can hardly be expected 
in view of the assumptions involved, and it is possible that it is only as good 
as this due to compensation of errors. 


TasiE 4. Comparison of calculated half-times for histamine destruction in tissues 
based on results from potentiation and incubation experiments 


Contraction Potentiation Incubation 
time half-time 


Maximum half-time 
Tissue potentiation (sec) (sec) (sec) 
Trachea Fourfold 600 300 39 
Tleum Twofold 15 15 47 
Uterus Twofold 60 60 77 


The reason for the frequent absence of potentiation on the cat’s blood 
pressure is not clear. It may be lack of histaminase but although plasma 
histaminase in the cat is generally low (Carlsten, 1950; Carlsten & Wood, 1950), 
there is no information on the histaminase content of the blood vessels 
themselves. 

These compounds may throw some light on possible physiological functions 
of histamine in the same way as anticholinesterases have helped to elucidate 
the physiological role of acetylcholine. The evidence for the existence of 
histaminergic nerves is much more insecure than that for cholinergic nerves, 
but various scattered observations in the literature suggest that histamine may 
be the chemical transmitter at some nerve endings. A number of nerves have 
been found to contain appreciable amounts of histamine (Kwiatkowski, 1943; 
Kuler, 1948; Werle & Weicken, 1949); the histamine content of postganglionic 
sympathetic fibres has been shown to be particularly high (Rexed & Euler, 
1951). Several authors have studied histamine release from stimulated nerves. 
Positive results have been reported for sympathetic nerves by Lambert & 
Rosenthal (1940) and Euler & Astrém (1948), and for sensory nerves by 
Ungar (1937) and Kwiatkowski (1943). However, the histamine content of 
nerves does not diminish after degeneration (Kwiatkowski, 1943; Werle & 
Weicken, 1949), which suggests that histamine in nerves may have no func- 
tional significance. In the present state of uncertainty it would be of interest 
to find out whether histaminase inhibitors potentiate the effect of nerves 
believed to be histaminergic and whether — cause an increase in the amount 
of histamine released. 
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SUMMARY 


1. Histamine contractions of the guinea-pig eas” were Ono ae, by 
semicarbazide. Using automatic assay apparatus potentiation has been 
quantitatively determined at various concentrations of semicarbazide; 10-° 
produced threshold potentiation, 10-* maximum potentiation (about two- 
fold), and 10-* depression. 

2. Ten other histaminase inhibitors, including carbonyl reagents, diamines, 
guanidine and iminazole derivatives, also potentiated histamine effects on the 
guinea-pig ileum. 

3. Histaminase inhibitors potentiated the effects of histamine on the isolated 
guinea-pig tracheal chain and uterus. The tracheal chain gave the greatest 
potentiation—up to eightfold. The effects of histamine on the cat’s blood 
pressure were not consistently potentiated. 

4. The trachea, ileum, and uterus of the guinea-pig contain histaminase. 

5. The histaminase-inhibiting activity of eight compounds was quantita- 
tively studied. There was a significant correlation between the concentrations 
required to produce enzyme inhibition and pharmacological potentiation. 

6. Potentiation by histaminase inhibitors was confined to histamine. No 
potentiation occurred with choline, acetylcholine, or histamine analogues 
resistant to histaminase. 


We wish to thank Dr F. Bergel for the gift of B, pyrimidine, Dr Chen of the Eli Lilly Chemical Co. 
and Dr H. Blaschko for the gift of the pyrazolethylamine, and the Research Department of the 
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RESPIRATORY REFLEXES FROM THE TRACHEA AND 
BRONCHI OF THE CAT 


By J. G. WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 1 July 1953) 


Although considerable work has been carried out on respiratory reflexes from 
the lungs, less attention has been paid to the trachea and bronchi. Having 
completed an analysis of afferent nerve fibres from the tracheobronchial tree 
of the cat (Widdicombe, 19542), it was desirable to identify the reflexes from 
this area, so that the functions of each afferent fibre group could be distin- 
guished. This paper describes the experiments on tracheobronchial reflexes. 
The best known of these is the cough reflex which, although of obvious physio- 
logical and pathological importance, has been little investigated experi- 
mentally. 

As well as the cough reflex another tracheobronchial reflex has been 
described. Hammouda & Wilson (1936) showed that changes in the tracheal 
diameter of the dog caused a slowing of respiration. This reflex has been 
investigated in cats. 

METHODS 
Cats have been used, anaesthetized with intraperitoneal sodium pentobarbitone (32 mg/kg) or 
with intravenous chloralose (60 mg/kg), the latter after induction with ethyl chloride and ethyl 
ether. Decerebrate cate were used for one series of experiments; these were prepared under ether — 
anaesthesia and, as with chloralose, no experimental observations were made until sufficient time 
had elapsed for the volatile anaesthetics to be blown off (30-60 min). A tracheal cannula was 
inserted, 

Respiration was usually recorded with the body plethysmograph described by Dawes, Mott & 
Widdicombe (1951); the volume changes of the animal’s body from the neck downwards were 
registered by a float spirometer which wrote upon a smoked drum. In some experiments a spiro- 
meter was used in which the float was attached by its centre of rotation to the moving arm of a 
potentiometer; the latter was connected to a potential source and the voltage changes from the 
moving arm were amplified and recorded on a direct-coupled cathode-ray oscilloscope; the response 
was very nearly linear. 

In cats which had had a thoracic operation it was often inconvenient to enclose the animal in 
the plethysmograph, and the respiration was recorded using a modification of the method of 
Donald & Christie (1949) for man (Fig. 1). The cat breathed through inspiratory and expiratory 
valves (V; and V,) of small dead space and resistance; inspired and expired airs were separated 
by a thin-walled rubber bag and the volume changes of the system recorded by a float spirometer. 
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The rubber bag collapsed at a rate corresponding to the minute volume of the animal's respiration, 
so that the length of time for which the apparatus could be used was limited by the capacity of the 
bag. If a large rubber bag was used the frequency response of the apparatus was low, and it did 
not record accurately the rapid volume changes of coughing and gasping. To overcome this 
difficulty a bag of about 200 ml. was used, and the inspiratory and expiratory sides of the circuit 
were connected by small bore tubing to 101. bottles, with water draining from the expiratory to 
the inspiratory bottle. As long as the flow of water was greater than the minute volume of the cat 
the rubber bag did not collapse, and the result was equivalent to using a bag of over 101. The 
records obtained reproduced accurately those from a body plethysmograph when the animal 
gasped and coughed. With most cate a continuous record could be obtained for 20 min; at the end 
of this period the water had to be returned to the upper bottle. 


inspiratory —> 
bottle 


Fig. 1. Diagram of apparatus for recording respiration. 7'.C., tracheal cannula. V, and V;, 
expiratory and inspiratory valves. 7’, adjustable tap controlling the flow of water from the 
expiratory to the inspiratory bottle. For description see text. 


Intratracheal pressure was recorded by an electrical condenser manometer on a cathode-ray 
oscilloscope; occasionally a mercury manometer was used. 

Phrenic nerve action potentials were recorded from the upper root of the left phrenic nerve in 
the neck. Strands containing single active fibres were placed on electrodes and their action 
potentials amplified and displayed on a cathode-ray oscilloscope. Fuller details of the electrical 
apparatus are given elsewhere (Widdicombe, 19542). 

Bronchial tone was measured in cate with widely opened chests by the method of Konzett & 
Réssler (1940). A constant volume of air was injected at each pump stroke into the tracheal 
cannula, a side arm of which led to a constant pressure overflow valve. Any change in the resistance 
to inflation was detected by the change in overflow volume. In the results to be described pul- 
monary cardiovascular changes have been virtually eliminated as a factor in the variations in 
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respiratory resistance; alterations in resistance to distension of the pulmonary parenchyma and in 
bronchial secretion would last longer than the changes observed. Eserine sulphate (0-1 mg/kg) 
was sometimes administered to increase the resting bronchial tone. 

The vagus nerves were cooled by placing them on hollow silver thermodes through which cold 
aloohol was ciroulated ; the temperatures were recorded by thermocouples. A fuller description of 
this technique has already been given (Dawes ef al. 1951). | | 


Stimulation of coughs 

Coughing was produced in several ways. For a mechanical stimulus a length of polythene tubing 
was passed down the cannulated trachea to the carina, or a probe passed up the cephalic end of the 
trachea to the larynx. To stimulate the inside of the main bronchi without first touching the 
tracheal walls or the carina, cats with open chests were used, artificially ventilated on the right 
lung only (see below), and the lower trachea was slit along its right side. A catheter could then be 
inserted into the left main bronchi, care being taken not to touch the carina. Alternatively, 
a catheter was passed retrogradely into one of the bronchi of the left upper lobe. 

As a chemical stimulus to coughing sulphur dioxide was used. Of readily available gases sulphur 
dioxide causes coughing in far lower concentrations than those which exert toxic effects. According 
to Henderson & Haggard (1943) a concentration of 1 in 50,000 will elicit the cough reflex, while 
1 in 10,000 to 20,000 administered for 30-60 min is required to cause toxic symptoms. Other 
noxious gases (ammonia, phosgene, etc.) may be harmful in concentrations too low to cause 
coughing. Sulphur dioxide was generated by adding dilute hydrochloric acid to some crystals of 
sodium thiosulphate in a conical flask. In order to make the cat cough a few ml. of air were 
bubbled through the liquid into the trachea during an inspiration.. Such a method is entirely 
qualitative, but in any cat it was possible to cause a cough of reproducible magnitude by controlling 
the amount of air blown through the mixture. Powdered talc and starch were also used; these 
were blown into the trachea during an inspiration. Ethyl ether vapour was administered from an 
Oxford vaporizer, calibrated for use with a Palmer pump. Procaine solution spray was obtained 
from a clinical ‘atoniizer’. Gases could be passed into the lungs without being in contact with the 
trachea by means of an endobronchial catheter (Widdicombe, 1954a). 


Operative procedures 

To determine the reflex effect of stimuli limited to the tracheobronchial tree, the cat was 
artificially ventilated and the chest opened by a right intercostal incision. The azygos vein was 
tied and cut and a cannula inserted into the right main bronchus at its origin; this cannula had 
an internal bore of 3~4 mm. The proximal stump of the right main bronchus was ligatured and the 
right hing was artificially ventilated through the cannula. Both lobes of the left lung were tied off 
through the same incision, so that the trachea was left in continuity with the left main bronchi as 
a closed channel. The chest was then closed, the right bronchial cannula being connected to the 
exterior by a short length of rubber tubing. The animals invariably breathed again spontaneously, 
and remained in good condition for 1-3 hr; the tidal and minute volumes were within the normal 
range, and there was no obvious cyanosis. The operation usually involved collapse of the right 
upper lobe, which arises high from the right main bronchus, but the right lower and subcardiac 
lobes seemed sufficient to maintain the cats. The right vagus was undamaged, apart from its atrial 
branches. 

A modification of this method was used to observe the effects of distension and collapse of the 
trachea and main bronchi on bronchial tone. The right lung was artificially ventilated as described, 
and the left upper lobe tied off. An endobronchial catheter was passed through the trachea to the 
left main bronchi, and the left lower lobe ventilated through the catheter; the resistance to infla- 
tion of this lobe was measured by the method of Konzett & Rossler (1940). The trachea and left 
bronchi proximal to the balloon on the catheter tip could be inflated and deflated, and the response 
of the bronchial muscle of the left lower lobe observed. 
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RESULTS 
Respiratory reflexes 
Mechanical stimuli. In spontaneously breathing cats the insertion of poly- 
thene tubing into the trachea caused coughing. Animals under chloralose 
usually gave an initial expiratory effort (Fig. 2), which was sometimes followed 
by gasps alternating with strong expirations if the catheter was allowed to 
remain in situ; since the trachea was cannulated it was impossible to say to 
what extent laryngeal closure might have influenced this course of events. 
A few cats showed a short pause in the course of an inspiration followed at 


ox 
Lower record: systemic blood pressure. A, B and C show different types of response from 
three cate (chloralose anaesthesia). CO, D and 2H are from the same cat; the vagi were cut 
-_ between C and D, a bilateral thoracic sympathectomy was performed between D and £. This 
and subsequent kymograph records have been retouched. 


once by a gasp. The stimulus caused an immediate inspiratory effort in two 
cats out of twenty. The reflex effects were completely abolished by cutting the 
vagi in three of five cats; the other two showed a slight inhibition of inspiratory 
activity after vagotomy (Fig. 2). This was abolished by bilateral thoracic 
sympathectomy. This effect was not due to mechanical obstruction of the 
bronchi; the catheter was inserted swiftly and removed at once, so that it was 
free of the trachea before the respiratory inhibition appeared. 

The mechanical cough reflex was also elicited in cats which had been 
anaesthetized with intraperitoneal pentobarbitone (32 mg/kg). These animals 
almost invariably gave strong expiratory and inspiratory gasps rather than an 
isolated expiratory effort. In three cats under pentobarbitone an initial 
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intraperitoneal dose of 20 mg/kg was followed by repeated intravenous doses 
of 5 mg/kg while the cough reflex was induced after each injection. Similar 
results were observed in all three cats (Fig. 3). In a lightly anaesthetized cat 
the cough reflex was of the gasping type, but as anaesthesia deepened the 
respiratory response became a simple expiratory effort. Control experiments 
established that the reflex did not becqme refractory when repeated without 
deepening the anaesthesia. A strong impression was obtained that at com- 
parable levels of anaesthesia the inspiratory component of coughing was 
depressed by chloralose much more than by pentobarbitone. Four decere- 
brate cats were also tested, and each gave a cough reflex of the gasping type. 


Fig. 3, Cat, 2-6 kg. Intraperitoneal pentobarbitone, 25 mg/kg, At each signal the carina was 


briefly irritated with an endotracheal catheter. Between each run 5 mg/kg pentobarbitone 
was administered intravenously. 


The most sensitive site for eliciting the cough reflex by a mechanical stimulus 
was the larynx. The next most sensitive area was the tracheal bifurcation, 
followed by the lower half of the trachea. Mechanical stimulation of the main 
bronchi caused only very weak expiratory efforts in two of five cats, and no 
effect in the other three, although the tracheal cough reflex was active. These 
findings, for the cat, are similar to those of Larsell & Burget (1924) in rabbits. 

In an attempt to delimit the range of afferent nerve fibres which might be 
mediating the reflex, in nine cats the vagi were cooled and the trachea fme- 
lated. The cough reflex was blocked by vagal temperatures between 7and 14°C, 
which suggests that the afferent fibres were rather large in diameter. Torrance 
(1947) found that cooling the vagi abolished the cough reflex at ‘temperatures — 
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at which Head’s paradoxical response remains’. Since the latter is blocked 
over a range of 5-11° C (Widdicombe, 19545), his finding would be in general 
agreement with the observations reported here. 
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Fig. 4. Cat, 2-7 kg. Chloralose, 60 mg/kg. Effect of deflation of the trachea and left main bronchi 
on spontaneous respiration. Uppermost record: action potentials from a single motoneurone 
in the left phrenic nerve. Middle record: volume record of respiration. Lowest record: intra- 
tracheal pressure. A is a control eupnoeic inspiration; B is the subsequent inspiration during 
which the trachea and bronchi were deflated. C, is an inspiration several breaths later, during 
which the intratracheal pressure was restored to atmospheric. D is the next inspiration 
(control). 

The effect of a change in volume of the trachea and left bronchi was observed 
using the preparation described in Methods; action potentials from phrenic 
motoneurones were recorded, and respiratory volume changes. A result is 
shown in Fig. 4. When the intratracheal pressure was decreased during an 
inspiratory effort (B) the phrenic discharge was inhibited for a short period 
(4-4 sec) and the volume record of respiration showed an expiration. The 
phrenic discharge then began again and the total depth of the inspiration was 
approximately the same as that of the control (A). On opening the trachea to 
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atmospheric pressure there was again a short expiratory effort (C). Inflation 
of the trachea and bronchi had a similar effect; both distension of the air 
passages and the restoration of atmospheric pressure caused an expiratory 
effort, but it was always weaker than that after deflation and release of the 
deflation. The response was similar to the expiratory effort caused by an endo- 
tracheal catheter, and was therefore thought to be a short cough. The reflex 
was always abolished by vagotomy, and in two cats by cooling the vagi to 
10 and 12° C respectively. It could also be blocked by intratracheal administra- 
tion of ether vapour (15-20%) and by a procaine solution spray (5-10%). 
These drugs also abolished the coughing due to introduction of a catheter into 
the air passages. 

Volume changes of the air passages caused coughing in cats under chlora- 
lose and under pentobarbitone anaesthesia, and in those decerebrated. The 
thresholds for the reflex expiratory efforts was from —20 to —40 mm Hg for 
negative pressures, and from 60 to 80 mm Hg for positive pressures. Application 
of a negative pressure was less effective than its removal. 

Hammouda & Wilson (1936) found that tracheal distension and collapse 
caused a slowing of the respiratory cycle in the dog; they did not report any 
expiratory efforts, but the carina was not included in the area deformed. In 
our experiments with cats anaesthetized with pentobarbitone, collapse of the 
tracheobronchial tree caused a slowing of respiration with or without a decrease 
in tidal volume in four out of five animals (Fig. 5). The threshold for this reflex 
was from —10 to —30 mm Hg. Inflation of the air passages was less effective, 
causing respiratory slowing in only three cats (threshold 25-50 mm Hg). Defla- 
tion of the airways with large pressures did not produce slowing of the respira- 


tory cycle but instead a large increase in respiratory rate (Fig. 5), sometimes 
with an increase in the expiratory volume of the lungs. The pressures at. which 


the inhibitory reflex was converted to an excitatory one were sharply defined, 


at —50, —55, —70 and —90 mm Hg for the four cats. Negative pressures 


greater than the appropriate threshold invariably caused quickening of respira- 
tion, lower pressures caused slowing. Inflation of the airways with pressures 
up to 100 mg Hg never caused a quickening of the respiratory cycle. 

Cutting both vagi in the neck abolished both the inhibitory and the excita- 
tory reflexes, and also the cough reflex produced by tracheobronchial volume 
changes. In two cats, after cutting the left vagus the cough reflex remained 
intact but the other two reflexes were abolished (Fig. 5); the cough reflex was 
eliminated by subsequent section of the right vagus. Since the trachea and 
carina supply afferent nerve fibres to both vagi, while fibres from the left main 
bronchi are largely restricted to the left vagus, it seems likely that the excita- 
tory and the inhibitory reflexes arise from the bronchi rather than the trachea. 

In four of six decerebrate cats an inhibitory reflex very similar to that seen 
in animals under pentobarbitone was observed, but in only one did large 
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negative pressures in the tracheobronchial tree cause quickening of respiration. 
In six cats under chloralose anaesthesia pressure changes in the air passages 
caused no change in respiratory rate, although the animals had active cough 
reflexes, 


cut 
Fig. 5. Cat, 4-0 kg. Pentobarbitone, 32 mg/kg. Effect of deflation of the trachea and left main 
bronchi on spontaneous respiration. Upper record: respiration (inspiration downwards). 
Lower record: systemic blood pressure. During each signal indicated by the white bars the 
trachea and bronchi were deflated with a negative pressure. The left vagus was cut in the 
neck between A and B. Note the short coughs at onset and release of the stimuli. 


Powders and sulphur dioxide. Theinhalation of powdered talc or starch into 
the lungs caused coughing. Fig. 6 shows that the inspiration which drew in the 
powder was suddenly converted to a gasp, leading at once to a strong expira- 
tory effort, and this sequence was repeated several times. Two cats out of four 
showed first an expiratory effort followed by gasps. The action of sulphur 
dioxide was very similar (Fig. 6), and in eight out of thirteen cats the initial 
change was an expiratory effort; these were not necessarily animals which gave 
an initial expiration in response to a mechanical stimulus or to talc. In three 
cats there was a large rise in expiratory volume, together with tachypnoea 
after the coughing. 

During the experiments with sulphur dioxide it was noticed that bilateral 
vagotomy did not usually abolish all the reflex effects of the gas. There 
remained a depression of inspiration similar to, but larger than, that sometimes 
caused by a mechanical tracheal stimulus after cutting the vagi (Figs. 2, 6). 
In three cats bilateral sympathectomy was performed and this abolished the 
reflex. In these experiments the doses of sulphur dioxide were small in order 
to prevent the development of refractoriness. Sulphur dioxide differed from 
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a mechanical stimulus to coughing in that it was effective when given through 
an endobronchial catheter so that the gas did not come into contact with the 
trachea and extrapulmonary bronchi, but only the lungs and smaller bronchi. 
The cough reflex produced in this way was always stronger than when the gas 
was applied to the trachea and main bronchi alone. 


Fig. 6. A: cat, 1-9kg. Chloralose, 60 mg/kg. Coughing induced by inhalation of powdered talc. 
B: cat, 2-8 kg. Pentobarbitone, 32 mg/kg. Coughing induced by inhalation of sulphur dioxide 
before and after cutting the vagi and performing a bilateral thoracic sympathectomy. 


In three animals the vagal temperatures needed to block the chemically 
produced cough reflex were 10, 94 and 8°C respectively, which did not 
appreciably differ from those which blocked the mechanical cough reflex. The 
afferent nerve fibres for the two types of coughing could, however, be differen- 
tiated. After several inhalations of a high concentration of sulphur dioxide the 
cats became completely refractory to the gas, but they gave normal responses 
to mechanical stimulation of the trachea. This result, which was unequivocal 
in six cats, showed that the mechanical cough receptors were not rendered 
refractory by repeated exposure to sulphur dioxide, and suggested that sulphur 
dioxide was not stimulating them. In four cats 5-10% procaine solution was 
sprayed into the trachea until the mechanical cough reflex was blocked. 
Sulphur dioxide still produced its usual effect. 
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Since the reflexes being examined arose from the tracheal and bronchial walls 
we looked for possible alterations in bronchial tone; the results are e summarized 
in Table 1. 


TaBLE 1, The effect of mechanical stimulation of the air passages on bronchial tone 


Experimental conditions Deflation Inflation Irritation Irritation 
of the of the of the of the 
_ gir passages air passages carina larynx 
N Nerval intact 15/0 5/1/0 11/1 7 
Thoracic spinal cord cut 4/110 32/1 


Pon Pda of three figures gives the number of cats that showed bronchoconstricti 
under the appropriate experimental conditions. Cats in which 


the thoracic spinal cord was cut showed no change in systemic or pulmonary arterial blood pressure 
on 


Mechanical stimulation of the inside of the trachea with a catheter caused 
an increase in pulmonary resistance to inflation in thirteen out of eighteen cats. 
In six of these the lower thoracic spinal cord had been cut to eliminate any 
changes in the pulmonary circulation caused by contraction of the abdominal 
muscles during coughing. In these cats condenser manometer records of pul- 
monary and systemic arterial blood pressures showed no appreciable change, 
although slight movements of the ribs indicated that the cats were attempting 
to cough; manual pressure on the abdomen raised the blood pressures but the 
effect, on resistance to inflation was never as great as with coughing. Three of 
these cats whose spinal cords had been interrupted showed a bronchodilatation 
on tracheal irritation, which was never seen in the animals without cord 
transection; no cause for this reversal of effect was discovered. Fig. 7 illus- 
trates a bronchoconstrictor response to stimulation of the trachea (A) and the 
larynx (C); pressure on the abdomen increased the resistance to inflation (B), 
but after thoracic spinal section both the tracheal (D) and the laryngeal (£) 
cough reflexes included bronchoconstriction. In these cats the trachea and 
bronchi were not distended by the catheter; there was also no doubt that the 
bronchomotor reflex was more easily elicited from the tracheal bifurcation than 
from the trachea itself. The larynx was an even more sensitive area, and gave 
a more consistent bronchoconstrictor response. In ten out of thirteen cats 
passage of a probe up to the larynx caused bronchoconstriction, dilatation 
was observed once, and there were no changes in bronchial tone in the other 
two cats (Table 1). 

In five cats the bronchoconstrictor reflex from the trachea was abolished by 
vagotomy, which would not only interrupt afferent nerve fibres but also bron- 
chial efferent nerves; in two cats some effect remained, which was abolished 
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by bilateral sympathectomy. One of these latter experiments is illustrated in 
Fig. 8, together with the response to sulphur djéxide blown through the trachea 
into the left pulmonary lobe. Both effects persisted after section of the vagi, 


Spinal 
transection 

Fig. 7. Cat, 2-2 kg. Chioralose, 60 mg/kg. Eserine, 0-1 mg/kg. The effect of mechanical stimuli to 
the air passages on bronchial tone. The record is of tidal volume measured by the overflow 
method: an increase in the height of the tracing indicates an increase in the resistance to 
inflation of the lungs. A: mechanical irritation of the carina; B: firm pressure on the abdomen ; 
C: mechanical irritation of the larynx. The spinal cord was then cut across low in the thoracic 
region. D: irritation of the carina. Z: irritation of the larynx. The inflation pressure was 
adjusted between D and £. 


cut 
Fig. 8. Cat, 2:7 kg. Pentobarbitone, 32 mg/kg. Changes in the bronchomotor response to cough 
stimuli on nerve section. Cath: irritation of the carina with an endotracheal catheter. SQO,: 
administration of sulphur dioxide. Hist: intravenous injection of 250 yg histamine. The 
vagus nerves were cut in the neck between A and B, and a bilateral thoracic sympathectomy 
performed between B and C. , 
PH. 5 
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although they were considerably smaller. After sympathectomy neither stimu- 
lant caused any change in bronchial tone, although intravenous histamine 
caused a large constriction indicating that the bronchial muscles were capable 
of contracting (although they might have been refractory to other stimuli). 
Inhalation of sulphur dioxide caused bronchoconstriction in each of the four 
cats in which it was tried, but in view of the possibility that it might have 
a direct bronchomotor action as well as a reflex action (cf. Banister, Fegler & 
Hebb, 1949) only a few observations were made. In two of these cats sulphur 
dioxide restricted to the trachea did not cause any change in bronchial tone, 
although it was effective when blown into the lobes of the lung. 

The results so far described are consistent with the view that broncho- 
constriction is produced from the trachea and main bronchi by stimuli which 
elicit the cough reflex. Deflation and inflation of the trachea and large bronchi 
caused a bronchoconstrictor effect in nineteen of twenty cats (Table 1); the 
response was usually larger than that due to the irritation caused by an endo- 
tracheal catheter. In an attempt to discover whether this effect was due 
entirely to the cough reflex, the bronchoconstriction due to a long (10-20 sec) 
deflation of the trachea and bronchi was compared with that due to deflation 
and immediate release of the pressure; in the latter experiment there would be 
two stimuli to coughing (at the beginning and end of the deformation), while 
in the former experiment there would also be the effect of maintained stretch 
of the tracheobronchial walls. In one of three cats the results were equivocal. 
In the other two the prolonged deflation caused a considerably larger effect 
than the short deflation. In another cat the mechanical cough reflex was 
blocked by spraying the trachea with 5% procaine solution, but deflation of 
the trachea still caused a bronchoconstriction. In two other cats a constrictor 
response to distension and collapse of the air passages was observed, although 
mechanical stimulation of the carina was ineffective. These observations suggest 


that changes in volume of the air passages cause bronchoconstriction apart 
from that due to the cough reflex. 


DISCUSSION 


Evidence has been presented that the sensory receptors excited by a mechanical 
cough stimulus are different from those excited by sulphur dioxide. This 
evidence may be summarized as follows: 

(1) In some cats the respiratory responses to the two stimuli were different; 
for example} an endotracheal catheter stimulated a short expiratory effort, but 
sulphur dioxide caused strong inspiratory and expiratory efforts. 

(2) A mechanical stimulus was most effective at the carina, and relatively 
ineffective in the bronchi. Sulphur dioxide in the pulmonary lobes caused 


vigorous coughing, but only weak coughs when restricted to the trachea and 
large bronchi. 
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(3) Sulphur dioxide no longer caused coughing after inhalation of high con- 
centrations, but the mechanical cough reflex was still active. 

(4) Procaine solution sprayed into the trachea abolished the mechanically 
excited cough reflex but the chemical cough reflex was unaffected. 

These observations suggest that the afferent pathway for the cough reflex is 
of greater complexity than had been thought. It would seem reasonable to 
| suppose that other noxious gases act in the same way as sulphur dioxide, while 


chemically inert yea might be expected to stimulate phe ta for the 
mechanical cough reflex 


TABLE 2. Species differences in coughing 
Nervous 


| Species Stimulus pathway Authors 
Dog Chemical Vagus and , Young & Ivy 
sympathetic al. (1 — 
Rabbit Chemical Vagus Expiratory oe (1924); Banister 
Mechanical Vagus Expiratory § Larsell & Burget (1924) 
| Cat Chemical Vagus —~ Banister et al. (1949) 
Soap powder Vagus Inspiratory Bucher & Jacot (1951) | 
Man Mechanical Vagus Inspiratory § Klassen, Morton & Curtis (1951) 
The chemical stimuli were noxious gases such ag ammonia, phosgene, acetic acid and ethyl ether 


vapour, 


Table 2 summarizes previous work on coughing; as with other respiratory 
reflexes there are considerable differences between species (Dawes et al. 1951). 
Most workers have used chemical excitants, which produced a forced expira- 
tion as the primary response in dogs and rabbits. In the dog, there is good 
evidence for a sympathetic nervous component, first demonstrated by Craigie 

_ (1921). More recently, Banister et al. (1949) have administered phosgene and 
ammonia to dogs, cats and rabbits; in dogs there was an afferent component 
of the respiratory response running in the thoracic sympathetic nerves, 
whereas the response was completely abolished by vagotomy in cats and 

. rabbits. This confirmed the work of Cromer et al. (1933) on the administration 
of ammonia to dogs. Neither group of workers was primarily interested in 
the cough reflex, and their records show that the animals (with the exception of 
the rabbit) did not usually cough. The results described above suggest that in 
both mechanical and chemical cough reflexes in the cat afferent nerve fibres in 
the sympathetic may be involved as well as in the vagus nerves. 

The effect of inhalation of soap powder is difficult to interpret. Bucher & 
Jacot (1951) found that the inspiratory component of coughing was primary, 
and that if expansion of the lungs was prevented coughing did not take place. 
A possible explanation of their results was that each inspiration drew powdered 
soap (or froth?) deeper into the lungs and stimulated more cough receptors, so 
that the prevention of pulmonary distension would depress at but 
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Weisser .(1952) has tested this possibility and disproved it. There can be no 
doubt that in the experiments described above expiration was the initial and 
the main act of coughing in most instances, and no explanation has been found 
for the difference between these results and those of Bucher & Jacot. 

The results with an endotracheal catheter agree well with those of Larsell & 
Burget (1924) using rabbits, the same patterns of sensitivity being found. In 
addition, inflation and deflation of the air passages also caused a cough, and 
_ when the trachea was opened to atmospheric pressure the cats coughed again. 
The threshold for this effect has been as low as —20 mm Hg, and this pressure 
across the tracheal walls is commonly exceeded in hyperpnoea and more 
violent respiratory movements (Kroepfli, 1950; Bucher & Jacot, 1951; Widdi- 
combe, 1954a). It is clear that coughing and such movements as gasping and 
sneezing will themselves excite cough receptors. To what extent this mechanism 
modifies the respiratory pattern is not known. 

Although coughing involves large changes in tracheal and bronchial diameter 
there has been some doubt whether these are active or passive in origin. The 
results described here confirm that there is a true active bronchoconstriction in 
response to cough stimuli. Whether this is large enovyh to account for a seven- 
fold change in airway volume (Franklin & Janker, 1938) is not certain, but it 
seems probable that both active constriction and passive mechanical effects are 
present. Both the effect described by Franklin & Janker and the wave of 
‘peristaltic’ bronchial contraction which Di Rienzo (1949) observed accom- 
_ panying the cough, follow the stimulus more quickly and pass off sooner than 
the bronchoconstriction described above. They occur only during the expira- 
tory phases of the cough reflex, and have been ascribed to passive collapse of 
the bronchi by Peromet (1951). 

The change in bronchial tone caused by noxious chemical stimuli has been 
shown to include both reflex and direct constrictor actions on the smooth 
muscle (Banister e¢ al. 1949). In coughing there may also be large changes in 
blood pressure, and these may not only alter the pulmonary resistance to infla- 
tion by changes in the vascular bed of the lungs, but may exert a reflex effect 
via the baroreceptor zones (Daly & Schweitzer, 1951). 

Two other respiratory reflexes arising from the respiratory tree have been 
described. The slowing of respiration produced by prolonged distension and 
collapse of the air passages is similar to the reflex observed by Hammouda & 
Wilson (1936) in the dog. The analogy between pulmonary and bronchial 
reflexes is striking. Whereas weak stimuli in the airways cause slowing and 
strong stimuli quickening of respiration, in the lungs small inflations elicit the 
Hering-Breuer inhibitory reflex, while large inflations also bring into play 
Head’s paradoxical response, a reflex excitatory to the respiratory centre. 
However, no explanation can be offered for the facts that the excitatory 
bronchial reflex has never been elicited by distension of the tracheobronchial 
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tree, and that the inhibitory reflex is more feebly produced by distension than 
: by collapse of the air passages. 

| The physiology of the tracheobronchial reflexes will be considered further 
in the paper dealing with afferent nerve fibres from the air passages (Widdi- 
combe, 1954a). 

SUMMARY 


1. Reflexes arising from the tracheobronchial tree of the cat have been 
investigated; four have been identified. 

2. Coughing can be produced by various mechanical stimuli; an endotracheal 
catheter is most effective at the carina, the main bronchi being insensitive. The 
primary effort of the cough is expiratory, and it is associated with active 
bronchoconstriction. 

3. Volume changes of the air passages cause a short cough at the onset and 
at the release of the deformation. 

4. The reflex response to the mechanical stimuli is blocked by intratracheal 
ether vapour or procaine spray. The pattern of the response varies with the 
type and depth of anaesthetic. 

) 5. Sulphur dioxide in the lobes of the lung causes vigorous coughing, but 
the trachea and larger bronchi are rather insensitive. The response to sulphur 
dioxide becomes refractory on repetition but is not blocked by procaine. 

6. In cats under pentobarbitone anaesthesia or decerebrated, volume 
changes of the air passages cause a slowing of the respiratory cycle, apart 
from the cough reflex at onset and release of the stimulus. An active broncho- 
constriction is also produced. 

7. Large negative pressures in the airways cause a great quickening of the 
respiratory cycle instead of the slowing seen with lower pressures. 

The author wishes to thank Dr G. 8. Dawes for his encouragement and interest in this work, and 


Dr D. G, Wyatt for help with the electrical apparatus. The work was carried out during the tenure 
of a grant from the Medical Research Council. 
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RECEPTORS IN THE TRACHEA AND 
BRONCHI OF THE CAT 


By J. G. WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 1 July 1953) 


The afferent nerve fibres arising from the lungs have been described by Adrian 
(1933) who distinguished deflation fibres and slowly adapting fibres excited by 
inflation of the lungs. Knowlton & Larrabee (1946) described a further group 
of rapidly adapting stretch fibres which they suggested were responsible for 
the Hering-Breuer deflation reflex and for Head’s paradoxical reflex; these 
last two reflexes excite inspiratory activity, the former being produced by 
forced deflation of the lungs, the latter by large inflations. The aim of the present 
experiments was to test the truth of this suggestion and to discover the exact 
anatomical origin of the rapidly adapting fibres. During its course this work 
developed into a systematic examination of afferent nerve endings in the 
tracheobronchial system. There seems to have been no previous work on this 
subject, although Keller & Loeser (1926) suggested that the vagal activity 
caused by forced deflation of the lungs might come from the trachea; but they 
did not establish this localization, and their multi-fibre records are difficult to 
interpret, To determine the reflex action of the tracheobronchial receptors, 
reflexes which could be elicited from the airways have been studied, and the 


_ results of this work have been published separately (Widdicombe, 1954). 


A brief account of some of this work has already been given (Widdicombe, 
1952a, 6). 
METHODS 


Cats have been used, anaesthetized with chloralose (60 mg/kg) after induction with ethyl chloride 
and ethyl ether. Intraperitoneal pentobarbitone sodium (32 mg/kg) was sometimes used. Tracheal 
cannulae were inserted unless otherwise stated. 

Systemic blood pressure was measured with a mercury manometer. The e.c.g. was sometimes 
recorded, using a resistance-capacity amplifier of conventional design, with display on a cathode- 
ray oscilloscope. Changes in volume of the cats’ lungs were measured, using the body pleth ysmo- 
graph described by Dawes, Mott & Widdicombe (1951). The changes could be observed on a 
cathode-ray oscilloscope using a float spirometer designed for this purpose (Widdicombn, 1954). 
Intratracheal and intrapleural pressures were measured by electrical condenser manometers and 
displayed on another oscilloscope. For the measurement of the adaptation indices of pulmonary 
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stretch receptors the lungs were inflated by a motor-driven syringe; this could deliver up to 100 ml. 
of air, the injection taking place in either approximately 1 sec or } sec. The time of inflation was 
recorded by an electrical signal from the syringe. Deflations and larger inflations were made 
either by connecting the tracheal cannula to a pressure bottle, or by mouth. 

Nervous action potentials were recorded from small strands dissected from the appropriate 
nerve trunk, usually the left vagus. Each electrode consisted of a small Perspex tube filled with 
0-9 % (w/v) sodium chloride solution which moistened a tuft of sable hair at the tip; a chlorided 
silver wire was sealed into the other end of the tube and connected the saline to an input lead of 
@ pre-amplifier. The nerve strands were placed upon the sable hairs, and were prevented from 
drying by the saline. The action potentials were amplified and displayed on a cathode-ray oscillo- 
scope. The amplifier was resistance-capacity coupled, with an equivalent noise resistance of 
6000 Q, and a maximum discrimination ratio of 1 : 50,000. A high-pass filter (cut-off 75 o/s) and 
a low-pass filter (cut-off 5000 o/s) were included in the circuit. 

The vagal trunk was cooled by placing it on a hollow silver thermode (1 cm square) which was 
mounted in the corner of the dissecting platform; cold alcohol was circulated through the ther- 
mode, and the temperature of the latter measured by means of a thermocouple. Fuller details of 
this technique have been given elsewhere (Dawes ef al. 1951). 

For the localization of mechanoreceptors in the tracheobronchial tree this part of the respiratory 
system was isolated in situ. Under artificial ventilation, the chest was opened in the mid-line, the 
azygos vein tied and cut, and a cannula inserted in the right main bronchus at its origin; the 
proximal stump of the right main bronchus was tied off. The right lung was now artificially 
ventilated through the cannula, and this maintained the cat in good condition. The left upper lobe 
was tied off, so that the trachea, left main bronchi and left lower lobe formed a closed channel 
(Fig. 1). Nerve fibres from receptors in these zones were dissected from the left vagus nerve. To 
localize the receptors an endobronchial catheter was constructed; this was of polythene tubing 
with a double lumen, the smaller tube being used to inflate a small rubber balloon at the catheter 
tip, and the larger lumen to distend the lung beyond the balloon (Fig. 1). The catheter was similar 
in design to an endotracheal anaesthetic catheter. With the catheter in place in the left main 
bronchi it was possible to distend either the left lower lobe or the trachea and main bronchi 
proximal to the balloon, without affecting the other area. Passage of the catheter into the air 
passages was itself sufficient to localize any tracheobronchial receptors, since they were stimulated 
by touch by the catheter tip; the depth of insertion of the catheter could be recorded and com- 
pared with post-mortem measurements. 

To study receptors in the tracheobronchial tree (excluding the lungs) the left lower lobe was tied 
off as well (Fig. 2). In such a cat the left cervical vagus nerve contained active afferent nerve fibres 


only from the trachea and main bronchi, the mediastinum and the heart and great vessels. The. 


dissection of fibres from the air passages was greatly facilitated by the elimination of the great 
number of pulmonary stretch receptors. 

Several procedures to stimulate cough receptors were used. Sulphur dioxide was generated by 
adding dilute hydrochloric acid to crystals of sodium thiosulphate, and air was blown through the 
mixture into the trachea (Widdicombe, 1954). Ammonia was administered by blowing air through 
a solution of the gas into the trachea. Powdered tale and starch were blown into the air passages 
through an endotracheal catheter. 


Anaesthetic gases were administered from an Oxford vaporizer, calibrated for use with a Palmer 
pump. Procaine solution was sprayed into the tracheobronchial tree from a clinical ‘atomizer’. 


RESULTS 
Pulmonary inflation receptors 
The two groups of pulmonary stretch receptors were identified by Knowlton 
& Larrabee (1946) by their rates of adaptation to maintained inflation of the 
lungs. Any receptor was assigned to one or other class on the basis of its 
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: adaptation index "; this index showed the decline in frequency of discharge 
from the time of maximum frequency to the 2nd sec of inflation. It was 
expressed as a percentage and was calculated from the formula 


Adaptation index 
_ Peak frequency — average frequency during 2nd sec of inflation 


: Peak frequency x 100. 
) 
| 
Tracheal cannula—> Pressure 
Artificial 
ventilation 
R. 
lobe 
R. lower L. lower lobe 


Fig. 1 Fig. 2 
Fig. 1. Diagram of the cat’s trachea and main bronchi showing the preparation for localization of 
mechanoreceptors.. A cannula is tied into the right main bronchus, and the left upper lobe is 
tied off. An endobronchial catheter is shown in situ with a balloon at its tip inflated in the 
bronchus to the left lower lobe. This lobe can be inflated through the catheter, and the trachea 
and bronchi proximal to the balloon inflated and deflated through the tracheal cannula. 


Fig. 2, As Fig. 1, but the left lower lobe has been tied off as well. The trachea and left main 
bronchi are isolated in situ. 


The index will be used in this paper in order to compare results; some errors 
are introduced by its use, and these will be considered in the Discussion. One 
practical point is that Knowlton & Larrabee did not indicate whether the 
2nd sec of inflation was measured from the beginning or the end of inflation, or 
from the pdint of peak frequency. In the results given below the point of peak 
frequency has been taken; this usually coincided with the end of inflation as 
measured from the volume changes of the lungs. | 
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One hundred single vagal fibres which were excited by inflation of the lungs 
were dissected. Each nerve strand placed on the electrodes was tested by large 
inflations (up to 200 ml.) to discover any high threshold receptors, and the 
adaptation index of each ending was calculated from the responses to two to 
fifteen inflations with different volumes, using the motor-driven syringe. The 
activity of four typical receptors is illustrated in Fig. 3. A is from a slowly 
adapting pulmonary stretch ending of the type described by Adrian (1933). 
B, C and D are from rapidly adapting receptors; C shows a prominent cardiac 
rhythm, while D discharges only during the phase of inflation. It was with 
these last three types of receptor that this work is especially concerned. 


Fig. 3. Action potentials from four respiratory mech t ited by inflations of the lungs. 
A, a slowly adapting pulmonary stretch receptor; B, a rapidly adapting pulmonary stretch 
receptor; C, a rapidly adapting ending with a superimposed cardiac rhythm; D, a receptor 
which discharged only during the inflation. In A and B the lung volume changes are shown 
(middle trace); in C and D an inflation of 100 ml. was made during the gap in the signal trace. 
The e.c.g. is also shown. The time marks in D also apply to A and B. 


A histogram showing the number of receptors with each adaptation index 
is shown in Fig. 4. Knowlton & Larrabee constructed a histogram for ninety 
receptors showing three groups of endings; a slowly adapting group with an 
index under 55% (53% of receptors), a rapidly adapting one with an index 
over 80% (39%) and an intermediate one (8%); receptors in the last group 
could be assigned to one or other of the two main classes from ‘the charac- 
teristic pattern of discharge’. While the results given here show the presence 
of rapidly adapting receptors, no division into two or three groups was found, 
and it was not always possible to assign ‘intermediate’ endings to slowly or 
rapidly adapting classes. Furthermore, Knowlton & Larrabee found that 16°, 
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of their receptors had an index of 100%, compared with 7%, in these experi- 
ments; these endings stopped firing within 1 sec of the end of inflation. One 
possible explanation is that they were not using sufficiently suprathreshold 
stimuli, and that larger inflations would have prolonged the discharge and 
lowered the adaptation index. To test this, very large inflations (up to 250 ml.) 
were made for a number of rapidly adapting receptors, and the majority of 
them discharged into or beyond the 2nd sec after inflation. A few still had an 
adaptation index of 100% with these excessive inflations, but the importance 
of using well suprathreshold stimuli was emphasized. Because of the lack of 
a clear definition between rapidly and slowly adapting receptors in this 
analysis, an arbitrary division has been drawn at the 70% adaptation index 
point. Those endings (22%) adapting more rapidly than this almost invariably 
gave a response similar to that described by Knowlton & Larrabee. 


No. of receptors 


Adaptation index 
Fig. 4. Histogram showing the numbers of inflation receptors at each adaptation index. The 
indices are in groups of ten, except 100%, which is shown separately. The shaded histogram 
represents the endings which also responded to deflation. Receptors to the right of the 
vertical line were ‘rapidly adapting’. 


For each receptor the left vagus nerve was cooled to determine the tempera- 
ture at which conduction in the afferent nerve fibre was blocked. In Fig. 5 
these temperatures are compared with the corresponding adaptation indices. 
For receptors with indices under 70%, the fibres were blocked between 8 and 
19° C; these figures agree with those of Torrance & Whitteridge (1948) for 
pulmonary stretch receptors. The rapidly adapting receptors had a rather 
lower range (6-16°C). Knowlton & Larrabee measured the conduction 
velocities of fourteen stretch fibres, and found that those from rapidly adapting 
receptors were lower than those from slowly adapting endings. These two 
observations suggest that rapidly adapting receptors have afferent nerve fibres 
-somewhat smaller than those from slowly adapting endings. In Fig. 5 the 
results from one cat have been omitted. In this animal six single nerve fibres 
were isolated with adaptation indices between 15 and 44%, and these fibres 
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were blocked by temperatures fgom 3 to 8° C; since in every other cat the 
figures were scattered throughout the entire temperature range of 8-19° (, it 
was thought possible that the thermode calibration was at fault on this occasion. 

Each nerve strand was tested by deflating the lungs. The numbers of 
receptors excited are shown by the shaded histogram in Fig. 4; the rapidly 
adapting endings almost all responded, and the 100°, group invariably did so. 
In Fig. 6 the inflation thresholds are compared with the corresponding adapta- 
tion indices. As the index increases there is a steady widening of the range of 
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Fig. 5. The relationship between adaptation index and the vagal temperature needed to block 
conduction in the afferent nerve fibres. x, closed chests; O, open chests. 


thresholds, and for any adaptation index the receptors have thresholds spread 
between zero and the maximum for that index. The large number of endings 
concentrated in the low-threshold, low-index group are the pulmonary stretch 
receptors analysed by Adrian (1933). — 

A survey of the 100 receptors examined suggested that one group had dis- 
tinctive properties. These were the receptors which had an adaptation index 
of 100% and fired off only during the passage of air into the lungs. Fig. 3 D 
illustrates the response of one of these endings. However strong the stimulus, 
these receptors did not discharge by more than a single action potential after 
inflation was complete. The endings gave a characteristic response to four 
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mechanical stimuli; inflation of the lungs, deflation, and opening the trachea 
to atmospheric pressure after both inflation and deflation all caused a short 
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discharge of impulses limited to the time that the lungs were moving. The 


receptors did not respond to pulling the trachea. Six of the seven receptors 
with an adaptation index of 100% (Fig. 4) behaved in this way. This type of 


ending is further illustrated in Fig. 7. Inflations up to 100 ml. could not 
induce this receptor to discharge after the period of inflation, although it fired 


off briefly on release of the inflation (not shown) and on deflation and release of 


the deflation. Occasionally other receptors were stimulated both by a volume 


change and by restoration of the resting volume (as mentioned by Knowlton 
& Larrabee) but only the six receptors referred to above had a discharge 
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Fig. 6. The relationship between adaptation index and inflation threshold. 


limited to the period of volume change. Evidence will be presented later for 
believing that they belong to 

Apart from this small group ‘of receptors which had not previously been 
described, these experiments have not confirmed the conclusion of Knowlton 
& Larrabee thgt the adaptation index was alone sufficient to differentiate 
pulmonary stretch receptors into.two physiological groups. A study of the 
localization of the sensory endings proved more fruitful in distinguishing 


Adaptation index 


between different types. 


The localization of ‘rapidly adapting pulmonary stretch receptors’ 

It seemed possible that the rapidly adapting stretch receptors were not 
pulmonary volume receptors but lay in the walls of the trachea and bronchi. 
Since the response to deflation was usually at a slowly adapting rate, it was 
likely that the rapid adaptation to inflation was a mechanical artifact. When 
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air was blown into the lungs and the trachea then closed, the intratracheal 
pressure declined rapidly, although the volume change was maintained 
(Fig. 8); this was presumably due to continued stretch of the lung. This over- 
shoot in pressure may be accompanied by a distension and then partial 
collapse of the tracheobronchial tree; with the chest closed, simultaneous 
measurements of intratracheal and intrapleural pressures show that there is an 
overshoot of the pressure difference between the two spaces, although the 
intrapleural pressure rises and then falls. Any mechanoreceptors in the air 
lungs seemed complete. 


Fig. 7. Cat, 2-7 kg. Chloralose, 60 mg/kg. A rapidly adapting receptor which discharged only 
during the passage of air into the chest. Increasing the inflation volumes (shown) did not 
prolong firing after the inflation, The ending was also stimulated by deflation (Defl.) and by 
release of the deflation (Rel.). 

In order to see if the ‘rapidly adapting pulmonary stretch receptors’ lay in 
the trachea and bronchi, the cats’ right lungs were maintained on artificial 
ventilation, while the left lower lobe, the left main bronchi and the trachea 
were left in continuity; an endobronchial catheter was constructed (Fig. 1). 
The experiments gave unequivocal results. With a fibre that had a ‘rapidly 
adapting’ response, the catheter was passed down into the left bronchi and on 
reaching a point opposite the hilum the receptor discharged rapidly and con- 
tinuously in response to touch by the catheter tip. On pushing the catheter 
further down, the balloon passed beyond the receptor; after distending the 
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balloon and thus occluding the bronchus, inflation of the left lower lobe beyond 
the balloon was without effect upon the ending. In all, thirteen receptors 
which gave rapidly adapting responses to pulmonary inflation were examined 
in this way, and in each instance a point in the trachea or bronchi was reached 
which when touched by the catheter led to a discharge of nerve impulses. 
In eight instances it was possible to distend the balloon beyond the ending, and 


mm Hg 


» 


Fig. 8. Cat, 2-7 kg. Chloralose, 60 mg/kg. Localization of a ‘rapidly adapting’ receptor. Upper 
trace: intratracheal pressure (positive downwards). Lower trace: action potentials. A, infla- 
tion of the left lower lobe through the trachea caused a ‘rapidly adapting’ response; B, defla- 
tion of the left lower lobe through the trachea; C, inflation of the trachea and main bronchi 
alone, an endobronchial catheter in place, caused a slowly adapting discharge; D, excitation 
of the receptor with the endobronchial catheter; ZH, pushing the bronchi towards the heart 
produced a cardiac rhythm. 

inflation of the distal pulmonary tissue never stimulated the receptor; dis- . 

tension of the trachea and bronchi, however, always produced a response. For 

each of these eight receptors the response to inflation of the trachea and 
bronchi was at a slowly adapting rate, although for only three were accurate 
measurements made. These three endings had adaptation indices of 99, 82 and 

85 % before passing the catheter, and of 62, 32 and 51 % respectively when only 

the trachea and bronchi were distended. An example is shown in Fig. 8. This 
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receptor adapted rapidly to inflation (A); on deflation (B) its discharge was 
rather slowly adapting with a prominent cardiac modulation. Distension of the 
trachea and bronchi alone (C) caused a slowly adapting discharge, and it could 
be excited by touch with the catheter tip (D). The nature of the cardiac modu- 
lation is seen in #, when the bronchi were pushed gently over towards the 
heart; the mechanical effect of the ventricular beat caused the cardiac pulses. 

As a control experiment fifteen slowly adapting pulmonary stretch receptors 
were treated in the same way; not only was it impossible to excite them by 
touch with the catheter, but they all responded to inflation of the left lower 
lobe and not to distension of the tracheobronchial tree. It was possible to 
stimulate a number of the tracheobronchial receptors by touch from outside 
the air passages, and most endings were seen to lie well clear of any alveolar 
tissue; this was always the case with tracheal receptors. This ruled out any 
possibility that the endings were lying in alveolar tissue just outside the 
bronchial wall. 

Having shown that the ‘rapidly adapting pulmonary stretch receptors’ were 
bronchial and tracheal mechanoreceptors, a more extensive investigation of 
their properties was carried out. With the preparation described in Methods 
(Fig. 2), vagal fibres coming from receptors in the trachea and left main bronchi 


were dissected, and their response to distension and collapse of the air passages _ 


noted. Every effort was made to exclude mediastinal receptors (Adrian, 1933) ; 
since these were frequently found and their distinction from tracheobronchial 
endings was not always easy, a short description of their properties will be 
given. 

Action potentials from 166 single nerve fibres from mechanoreceptors in the 
trachea and bronchi have been recorded; three groups of endings were clearly 
defined. The general properties of each of the three main types of receptor will 
first be described, and then the various procedures which have been applied to 
them will be considered under separate headings. 


Group I: slowly adapting tracheobronchial stretch receptors 

Nearly half the receptors (82, 49°) gave a regular discharge on inflation and 
deflation of the air passages, at a rather slowly adapting rate. Fig. 9 shows a 
typical example. This receptor was discharging when the intratracheal pressure 
was atmospheric; raising the pressure (A) caused an increase in discharge rate, 
the response being similar to that seen with pulmonary stretch receptors; 
collapse of the air passages (B) was a weaker stimulus. In C, the bronchial wall 
was deformed by touching it from outside, and in D, polythene tubing was 
passed into the bronchus and increased the discharge. This receptor lay near 
the origin of the bronchus to the left upper lobe. D illustrates a further point; 
with the slowly adapting receptors a mechanical stimulus from within the air 
passages was never as effective as distension of the airways, unless the poly- 
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thene tubing was of large enough diameter to distend the bronchus. Receptors 
in the trachea were only weakly stimulated by touch with a polythene catheter 
(since the tubing scarcely deformed the tracheal walls) while endings deep in 
the bronchi were more strongly excited. 


Fig. 9. Cat, 3-7 kg. Chloralose, 60 mg/kg. A slowly adapting bronchial receptor. A, distension of 
the air passages caused an increase in discharge rate; B, deflation caused a similar but smaller 
effect; O, stimulation of the receptor by touching the outside of the bronchial wall; D, stimula- 
tion of the receptor with an endobronchial catheter. 


_ A general picture of the responses of this group of receptors is shown diagram- 
matically in Fig. 10. Of the sixty-one endings included only two (group C) did 
not respond to deflation. This clearly differentiated them from pulmonary 
stretch receptors, of which only 19% were excited by deflation (Fig. 4). Three 
receptors were stimulated by deflation but not by inflation. Apart from the 
rapidly adapting endings to be described in the next section, from over,400 
vagal fibres from respiratory mechanoreceptors only seven responded to defla- 
tion of the lungs and air passages but not to inflation; three of these endings 
were not localized, and the other four were found to lie in the main bronchi. | 
As suggested in Fig. 10 the ‘slowly adapting’ receptors had, in fact, a wide 
range of adaptation indices. Groups A—D had indices from 0 to 50% for both 
inflation and deflation of the trachea and bronchi; groups E and @ had indices 
from 50 to 100%. Receptors in group F were more rapidly adapting on inflation 
than on deflation. Since these receptors are of the type illustrated in Fig. 8, 
their adaptation indices would be considerably higher if the lobes of the lung 
were inflated through the trachea and bronchi. Intratracheal pressure/response 
curves were drawn for a number of slowly a “ting receptors, and four 
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of these are plotted in Fig. 11. The non-linear shape of the curves is very 
different from the approximately linear stretch/response curves of pulmonary 
stretch receptors (Adrian, 1933; Knowlton & Larrabee, 1946; Whitteridge & 
Biilbring, 1944), It seemed possible that the response of the slowly adapting 
receptors might bear a more linear relationship to tracheobronchial volume than 


Inflation Deflation 
LTP. 
D 
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Fig. 10. Diagram of the patterns of response of slowly adapting bronchial receptors. 1.7.P., intra- 
tracheal pressure. Each curve is a diagrammatic frequency of response/time curve for a 
2 sec inflation (left) and deflation (right). The intratracheal pressure ourves give the timing 
of the stimuli, and the numerals indicate the number of receptors which gave each type of 
response, For fuller description see text. 


to intratracheal pressure. In seven cats intratracheal pressure/tracheal volume 
curves were plotted for the trachea and main bronchi by filling the air passages 
with saline or olive oil and measuring the volume change when pressures were 
applied. One such graph is shown in Fig. 12; at high positive and low negative 
pressures any given change in pressure had less effect on the tracheal volume 
than when the intratracheal pressure was nearer to atmospheric. The conver- 


sion of the graphs in Fig. 11 to tracheal volume/response curves (Fig. 13) made 
them much more linear. 


Group II: rapidly adapting tracheal endings 
These endings were immediately distinguished by the timing of their response 
and by the mechanical stimuli which excited them. They gave a short discharge 
during a rise or fall of intratracheal pressure, with only one or two action 
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intratracheal pressure (mm Hg) 

Fig. 11. Cat, 2-3 kg. Chloralose, 60 mg/kg. Stimulus/response curves for four slowly adapting 
bronchial receptors, Ordinate: peak frequency of response. Abscissa: intratracheal pressure. 
A, & typical receptor; B, one which did not respond to deflation; C, an ending which was 
firing spontaneously with intratracheal pressure atmospheric; D, a high-threshold receptor. 
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Fig. 12. Cat, 2-3 kg (as Fig. 11). The relationship between intratracheal pressure 
and the volume of the trachea and left main bronchi. 
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potentials afterwards; when the pressure was released they fired off again with 
a short burst of impulses lasting a fraction of a second. They were, therefore, 
very rapidly adapting to volume changes of the air passages. Forty-six (28°) 
receptors belonged to this group, and the responses of one is shown in Fig. 14. 
With this receptor the effects of inflation and release of the distension (A) were 
smaller than those due to deflation and release of the collapse (B). The endings 
were readily excited by touch from within the tracheal lumen (C), but a long- 


lasting regular discharge could never be produced. Rapid jerky movement of 


Tracheal volume change (mi.) 


Fig. 13. Cat, 2-3 kg (as Figs. 11 and 12). The same receptors as in Fig. 11 showing the relationship 
between tracheal volume and peak frequency of discharge. 


the catheter caused an irregular discharge while smooth insertion of the tubing 
led to a short response (similar to that after tracheal inflation) as the catheter 
tip passed the site of the receptor. Those receptors with a high threshold were 
considerably easier to excite by an endotracheal catheter than by volume 
changes, and the degree of deformation of the tracheal wall was less when a 
catheter stimulated the receptor than when a just threshold pressure change 
was used, This is strikingly different from the behaviour of the slowly adapting 
endings. Many of the rapidly adapting endings could not be stimulated by 


touching the tracheal wall from the outside, unless the wall were pinched or 


grossly deformed. 

The fact that these receptors discharged only during inflation, deflation and 
release of the pressures might be because they were stimulated by tracheal 
airflow rather than by changes in tracheal diameter. To test this possibility 
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the effect of continuous passage of air through the trachea was observed for 
eight receptors. Six of these were only excited if the pressure changes were 
above the thresholds, when they gave rapidly adapting responses. The other 
two gave relatively long discharges at an irregular rate. The cats in which these 
two endings were found, had considerable tracheobronchial secretion, and to 
produce the discharge air had to be drawn through at varying pressures; it was 
thought likely that the continuous irregular discharge of the receptors was due 
to movement of mucus in the trachea. 


Fig. 14. Cat, 3-2 kg. Chloralose, 60 mg/kg. A rapidly adapting tracheal receptor. A, inflation of 
the trachea; B, deflation; C, stimulation of the receptor by touch with an endotracheal 
catheter. 


A consideration of the patterns of discharge (Fig. 15) provides another reason 
for believing that airflow was not the stimulus. Only seven receptors were 
excited by all four pressure changes (group A), so that only these could be 
responding to airflow in both directions. If a receptor were stimulated by air- 
flow in one direction only it should respond to inflation and release of deflation, 
or to deflation and release of inflation; no receptor was excited by either pair 
of stimuli alone. The largest group (Z) was excited by deflation and release of 
the deflation, and these two stimuli were effective for thirty-three of the forty 
endings, Inflation stimulated twenty-three receptors, and release of inflation 
eleven; thus collapse and its release brought into play far more rapidly adapting 


tracheal endings than distension and its release. 
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Group III: intermediate receptors 
A number of receptors were discovered whose properties fitted neither with 
the rapidly adapting nor with the slowly adapting receptors. The majority of 
these were mediastinal endings, which could usually be identified by the 
regular high-frequency discharge caused by mediastinal displacement. How- 
ever, thirty-eight (23°) endings remained which could not be classified with 
any of these three types. At first sight their activity seemed intermediate 
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Fig. 15. Diagram of the of of saphdly edepting tenchenl receptors, 
: arranged as in Fig. 10. For description see text. 


between the rapidly and slowly adapting endings, and raised the possibility 
that the definitions of these classes had been too limited; further analysis 
showed that they had properties which were not shared by the other two 
groups of tracheobronchial receptor. 

On distension and collapse of the trachea and bronchi the receptors dis- 
charged for a short time, at the most a second or two (Fig. 16). They had 
neither the abruptly limited burst of activity of the rapidly adapting endings, 
nor the smooth decline of discharge over many seconds of the slowly adapting 
ones. While they might have corresponded to the upper limit of activity of the 
slowly adapting receptors, there are several indications that this is not so. 
Increasing the pressure stimulus did not appreciably prolong the time of firing 
of the endings although the peak frequency increased. The receptors which had 


é& 
4 
of 
7 
¢ 
a 
4 
- ed . 


TRACHEOBRONCHIAL RECEPTORS 87 


| adaptation indices below 100% on inflation of the air passages usually gave a 
{ very rapidly adapting discharge (index 100%) on deflation and vice versa. 
The rate of discharge was often irregular, as was the response of the receptor 
to stimulation with an endobronchial catheter (Fig. 160). The latter readily 
excited the endings, but a continuous high frequency discharge was never 
seen, although it could be obtained with endings of the slowly adapting group 
. which had both a high threshold and a high adaptation index. Very charac- 
teristic, too, was the declining response to repeated stimuli, illustrated in 


Fig. 16. Cat, 2-6 kg. Pentobarbitone, 32 mg/kg. Response of an intermediate type bronchial 
receptor. A, inflation of the air passages; B, deflation; C, stimulation of the receptor by 
| touch with an endobronchial catheter. 


| Fig. 17. For eighteen receptors (out of twenty-eight in which the effect was 
sought), frequently repeated inflations or deflations raised the pressure threshold, 
diminished the response and raised the adaptation index. Endings in the 
slowly adapting group sometimes showed a declining response to repeated 
| stimuli, but it was never of comparable size and there were never appreciable 
| changes in threshold or adaptation index. 

The patterns of discharge of the intermediate receptors are drawn in Fig. 18. 
All but two of the endings were stimulated both by inflation and by deflation 
of the air passages, and nine of them were also excited by release of the 
pressures. The latter never caused more than two or three action potentials 
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Fig. 17. Cat, 2-4 kg. Chioralose, 60 mg/kg. An intermediate type receptor showing a declining 
response to repeated stimuli. In A, B and C the tracheobronchial tree was inflated; the 
response of the receptor decreases with successive stimuli. Half-second intervals between A 


and B, and between B and C. 
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Fig. 18. Diagram of patterns of response of intermediate type receptors, 
arranged as in Figs. 10 and 15. For description see text. 
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(Fig. 16.B) and was always far smaller than the response of receptors in the 
rapidly adapting group. 
General properties of tracheobronchial mechanoreceptors 
Localization. Nearly all the receptors were localized in the trachea and 
main bronchi by passing a polythene catheter into the air passages until it just 
stimulated the ending; the depth of insertion was measured and compared 
with post-mortem measurements. The results for the three groups of receptors 
are expressed in Fig. 19. The tracheobronchial tree has been divided into seven 


Slowly adapting Rapidly adapting Intermediate 
receptors receptors receptors 


2 5 1 
5 16 6 
9 3 
J 10 3 3 
RRR 20 1 5 
| 12 4 4 
0 


Totals 72 35 28 
Fig. 19. The localization of tracheobronchial mechanoreceptors. The trachea and left main 
bronchi are shown diagrammatically on the left; they are divided into seven arbitrary areas 
indicated by the brackets. Opposite each area is the number of receptors found there for 
the three types of tracheobronchial ending. 


arbitrary areas, and the numbers of receptors localized are shown opposite the 
appropriate zones. With five exceptions the rapidly adapting endings were 
restricted to the trachea, and the greatest concentration (although not the 
greatest number) was found at the carina. By contrast, the slowly adapting 
receptors were concentrated in the main bronchi, although some also lay in the 
trachea. Within the bronchi they were most commonly found at two areas, the 
origin of the bronchi to the left upper lobe and deep in the bronchi to the left 
lower lobe at the point where that lobe was tied off. This distribution might be 
because both sites contained branching bronchi, so that the total area of 
bronchial wall was greater here. On the other hand, only two receptors were 
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found at the carina, The intermediate endings had a fairly uniform distribu- 
tion throughout the trachea and bronchi. 

The significance of these patterns of distribution will be considered in the 
Discussion; one point may be mentioned here. The restriction of rapidly 
adapting receptors to the trachea might have been due to damage to the 
bronchi, perhaps by the ligatures applied to the lobes of the lungs. But cats 
in which rapidly adapting tracheal endings were present almost invariably had 
active slowly adapting and intermediate receptors lying in the bronchi, so the 
afferent nervous systems there were in good condition. 


A) 1 2 4 8 16 32 64 


intratracheal pressure (mm Hg) 


Fig. 20. Pressure thresholds of thirty-six slowly adapting bronchial receptors. Each filled circle 
shows the threshold for a single receptor, and the histogram the number of receptors for each 
range of thresholds. The thresholds are for inflations, and are expressed on a logarithmic 
scale. 


No. of receptors 
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Thresholds. Accurate threshold determinations were made for seventy-four 
of the tracheobronchial receptors. The thresholds are shown in Figs, 20-22 for 
the slowly adapting, rapidly adapting and intermediate receptors respectively. 
The thresholds are presented as the least change in intratracheal pressure 
necessary to excite the endings, and this pressure is plotted along a logarithmic 
scale on the abscissa. Volume thresholds were not often determined since the 


pressure figures are more significant for comparison with the natural respiratory 


cycle, and many cats of different sizes were used. 

The thresholds of slowly adapting receptors (Fig. 20) are for inflations of the 
air passages. Although for any receptor the thresholds for inflation and defla- 
tion might be widely different the general shape of the deflation threshold 
histogram was similar to that of Fig. 20. The receptors which are plotted at 
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threshold zero were firing with the intratracheal pressure atmospheric. A few 
of these stopped discharging when the pressure was varied slightly, but the 
majority were like that in Fig. 11C, and were active whatever the intratracheal 
pressure. | 


6 - 


intratracheal pressure (mm Hg) 


Fig. 21. Pressure thresholds of twenty rapidly adapting tracheal receptors, expressed as in 
Fig. 20. The thresholds are for deflations of the air passages. 


0 1 2 4 3 16 32 64128 
intratracheal pressure (mm Hg) 
Fig. 22. Pressure thresholds of eighteen intermediate type receptors, expressed as in Figs. 20 
and 21, The thresholds are for inflations of the air passages. 


For the rapidly adapting endings deflation thresholds have been shown 
(Fig. 21). The histogram for inflation thresholds was similar in shape but con- 
tained far fewer points. Fig. 22 shows the inflation thresholds of eighteen of 
the intermediate endings. The receptors plotted at zero atmospheric pressure 
in Figs. 21 and 22 were firing with a cardiac rhythm before inflation of the 
trachea. 

For the significance of these thresholds to be assessed they must be compared 
with the intrapleural and intratracheal pressure changes in eupnoea and 
hyperpnoea. In five cats these two pressures were measured during quiet 
_ respiration, during hyperpnoea caused by intravenous injections of nicotine 
(two cats only) and during coughing produced by mechanical or chemical 


_ stimuli to the trachea and larynx. The tracheas were not cannulated, so that 


the glottis and upper respiratory tract played a part in respiration. The results 
are shown in Table 1. Four groups of figures are shown: the greatest positive 
and negative intratracheal pressures, the maximum positive pressure difference 
(in expiration) and the greatest negative pressure difference (in inspiration) 
across the tracheobronchial walls. In coughing the intrapleural pressure 
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reached very high values; the greatest negative intrapleural pressure was 
—60 mm Hg, and the maximum positive value was +98 mm Hg. The records 
suggested that these figures were obtained with the glottis closed, since the 
intratracheal pressure closely followed the intrapleural, and their difference 
was not so great as might have been supposed. The figures presented here are 
similar to those of Kroepfli (1950) who used powdered soap to stimulate 
coughing in cats. 

TastE 1, Respiratory pressures measured in eupnoea, hyperpnoea and coughing 


Max. positive Max. negative Max. positive Max. negative 
intratracheal intratracheal 
pressure pressure 
(mm Hg) (mm Hg) (mm Hg) (mm Hg) 
@ -4 -146 38 10 -4 -10 -5 
2 -9 -6 0 88 -3 - 16 ~48 
3 —- -12 — 8 -8 -18 
4 o- DB — 10 .-4 -10 
5 — -22 0-— 86 ~16 
Means OF 25 37 £40 -65 -14 0 36 22 -5 -13 -19 
The maxim ti ave sed seeesine | intratracheal pressures represent the pressure drop across 


From Table 1 certain conclusions can be drawn. The eatrathoracic trachea 
will be subjected to a pressure drop across its wall equal to the intratracheal 
pressure; with a closed glottis, as in certain phases of coughing, this pressure 
may be very high. The intrathoracic but extra-pulmonary air passages, how- 
ever, will be subjected to the difference between intrapleural and intratracheal 
pressures. In coughing the cat may make a strong expiratory effort against a 
closed glottis; the intratracheal pressure will rise with the intrapleural pressure, 
so that the pressure drop across the walls of the air passages may remain small. 
When the glottis opens the intratracheal pressure drops suddenly, but since 
the intrapleural pressure remains high a large pressure difference may result. 

Comparison between Table 1 and the histograms in Figs. 20-22 suggest that 
in eupnoea about half the slowly adapting receptors would be stimulated, but 
that very few of the rapidly adapting and intermediate receptors would be 
affected. In hyperpnoea more endings of all groups would be brought into 
play, while in coughing nearly all the slowly adapting endings would be stimu- 
lated; but even strenuous coughing would not excite all the rapidly adapting 
receptors. Some of the thresholds are so high that it is hard to believe that 
their physiological stimulus can be a general distension or collapse of the air 
passages. 
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Vagal cooling. Fig. 5 showed that the afferent nerve fibres from ‘rapidly 
adapting pulmonary stretch receptors’ were blocked by cooling the vagus 
nerves to 6-16° C. This temperature range has been confirmed by cooling the 
vagi while recording single fibre activity from receptors localized to the 
tracheobronchial tree. Seventeen fibres from slowly adapting bronchial 
endings were cooled, and the temperature range was from 7 to 18° C. The range 


Fig. 23. Cat, 3-4 kg. Chloralose, 60 mg/kg. of inhaled talo.on rapidly adapting trachea! 
receptor, A: two control deflations of the trachea, showing a typical ‘double’ response. 
Between A and B powdered talc was blown into the trachea. B: four subsequent deflations 
showing sensitization of the receptor. Two-second intervals between records. 


for fifteen rapidly adapting receptors was from 7 to 15° C. Fibres from three 
intermediate receptors only have been cooled; these were blocked at tempera- 
tures of 10, 10 and 7° C respectively. Cooling the vagi did not, therefore, 
differentiate between the different afferent nerve fibre groups. 


Insufflation of powders. Since the sensory organs being examined might be 
concerned with the cough reflex, various stimuli which cause coughing were 
applied to them. One stimulus was the inhalation of powdered tale or starch. 
These.were blown into the trachea and bronchi while afferent nervous activity 
was being recorded. Of five rapidly adapting tracheal receptors three were 
clearly sensitized by one or other powder (Fig. 23). After insufflation of the 
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talc the number of impulses per deflation was greatly increased ; the timing of 
the response was also altered, although the reasons for this are not clear. Four 
slowly adapting and three intermediate receptors were not appreciably 
affected by powdered talc or starch. 

Irritant gases. The effect of sulphur dioxide and ammonia was observed on 
a number of receptors. The results with the former are summarized in Table 2. 


Tastz 2. The effect of inhaled sulphur dioxide on respiratory mechanoreceptors 


Receptor No. Sensitized inhibited Inhibited No effect 
ada bronchial I 2 —_ 17 
Rapidly adapting tracheal 9 1 — 6 
iate bronc 15 7 5 = 3 
Pulmonary stretch 1 3 — 3 
5 


Fig. 24. Cat, 3-1 kg. Chloralose, 60 mg/kg. Effect of inhaled sulphur dioxide on an intermediate 
type receptor. A, six control deflations, Between A and B sulphur dioxide was blown into 
the air passages. B, three subsequent deflations followed by stimulation of the receptor; 
C, complete inhibition of the ending. Between C and D the sulphur dioxide was blown out 
of the air passages. D, recovery of activity by the receptor. The periods of deflation are 
Between A and B: 5 sec. B and C: continuous. 

D: 1 min. 


Twelve (80%) out of fifteen intermediate endings, three (15%) out of twenty 
slowly adapting receptors and one (11 %) out of nine rapidly adapting receptors 
were sensitized. No mediastinal endings were affected, but four out of seven 
pulmonary stretch receptors were sensitized. Of the tracheobronchial re- 
ceptors, therefore, the intermediate endings were clearly sensitive to sulphur 
dioxide, while the other two groups were not. The response of an intermediate 
receptor is illustrated in Fig. 24. The initial change was an alteration in the 
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pattern of response (cf. Fig. 23) so that the ending fired off between deflation 
stimuli; the receptor suddenly started discharging spontaneously for a second 
or two (B), and was then completely inhibited (C). After blowing the sulphur 
dioxide out of the air passages the receptor recovered its normal activity, 
giving short bursts of impulses on deflation (D). Immediate sensitization of 
the receptors was more usual. 

Ammonia was a less specific stimulatit than sulphur dioxide. It almost 
invariably sensitized pulmonary stretch receptors, was without effect on one 
rapidly adapting ending and stimulated one intermediate receptor and two 
out of three slowly adapting receptors. 

Anaesthetics. Since 5-10% procaine solution sprayed into the trachea was 
known to block the cough reflex caused by mechanical stimuli to the trachea, 
the effect of this drug on tracheobronchial receptors was observed. Five 
rapidly adapting receptors were completely inhibited; on washing out the 
trachea with saline and wiping the inside the receptors did not recover, and 
the cats yielded no more rapidly adapting endings although many slowly 
adapting, intermediate and mediastinal receptors were still active. Procaine 
solution was also sprayed into the trachea and bronchi when afferent activity 
was being recorded from two slowly adapting and one intermediate receptor; 
these were not affected by the drug. 

Ether vapour (7-5-14-5%) completely inhibited nine out of eleven rapidly 
adapting receptors when the gas was blown into the trachea. Seven out of 
nine intermediate receptors were also inhibited, but six of these showed a 
sensitization before the inhibition; this sensitization was not seen with the 
rapidly adapting receptors. The slowly adapting endings were often partially 
inhibited (seven out of twelve), but only with stronger concentrations of ether 
vapour (14-5-21%); complete inhibition was only seen once, and a weak 
sensitization twice. 

Non-vagal nerve fibres ; other species. The left recurrent laryngeal nerve was 
explored for tracheobronchial afferent nerve fibres, before it reached the aortic 
arch, Fibres from endings of all three types were identified (one slowly 
adapting, one rapidly adapting and two intermediate). Branches running from 
the vagus to the sympathetic trunk just below the stellate ganglion have also 
been examined, and again fibres from the air passages were discovered (three 
intermediate and two slowly adapting). No extensive investigation of these 
pathways has been made. Fibre activity from mechanoreceptors situated in 
the trachea and main bronchi has been recorded in the rabbit and the dog 
(Dawes & Widdicombe, unpublished). 


Mediastinal receptors 


Adrian (1933) has reported the existence of receptors which respond to dis- 
placement of the mediastinum and to postural changes of the cat’s chest; their 
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nerve fibres ran in the vagus nerves, and they were usually stimulated by 
inflation of the lungs and by tugging on the trachea. In the experiments 
described here a large number of these endings have been encountered. A small 
minority were difficult to distinguish from tracheobronchial receptors, since 
mediastinal endings may be stimulated by volume changes of the air passages 
which are large enough to deform the mediastinum, and tracheobronchial 
receptors may be excited by movements of the mediastinum which also deform 
the airways. For this reason a rule-of-thumb criterion has been applied; any 
receptor which was more sensitive to displacement of the mediastinum than to 
inflation or deflation of the airways or to passage of a catheter down them, has 
been provisionally classified as a mediastinal receptor. 


Fig. 25. Cat, 3-3 kg. Chloralose, 60 mg/kg. A mediastinal receptor. A, inflation of the air passages ; 
B, deflation. The responses are similar to those of intermediate type receptors; C, rotation of 
the cat’s thorax causes a slowly adapting response due to mediastinal displacement. 


Such endings amount to about one-third of the receptors localized to the 
airways. The majority of them have been undeniably ‘mediastinal’; they 
could be placed in regions separate from the tracheobronchial tree, and their 
response to inflation and deflation of the airways was slight compared with 
that to mediastinal displacement; the latter stimulus always caused a slowly 
adapting discharge. Those endings around the hila or the trachea were more 
difficult to define. They often adapted rather rapidly to distension and collapse 
of the air passages, but the effect of mediastinal displacement clearly distin- 
guished them from the rapidly adapting tracheal endings. Other mediastinal 
receptors gave a response which was superficially similar to that from inter- 


— 


ao 


‘ 
‘ 
4 
+ 
7 
mm Hg 
—25 
— om 
> 
». 


TRACHEOBRONCHIAL RECEPTORS 97 


mediate type receptors, sometimes with an additional burst of impulses on 
release of the deforming stimulus (Fig. 25); these too, were slowly adapting to 
mediastinal deformation or to thoracic postural changes. 

| Judging by action potential size and by ease of dissection the mediastinal 
receptors had relatively large nerve fibres, comparable to the pulmonary 
stretch fibres and somewhat larger than the tracheobronchial fibres. The vagal 
trunk was cooled for threé mediastinal receptors, and conduction was blocked 
at 14, 12 and 11° C respectively. 


| DISCUSSION 


The adaptation rates of pulmonary inflation receptors have been considered 
for two reasons. First, in order to establish that the ‘rapidly-adapting pul- 
monary stretch receptors’ (Knowlton & Larrabee, 1946) were tracheobronchial 
endings; and secondly, to indicate (contra Knowlton & Larrabee) that adapta- 
} tion rate alone does not distinguish between different groups of pulmonary 
sensory organs. The endings which ‘adapted’ most rapidly to inflation of the 
lungs lay in the air passages and the slowly adapting receptors were situated 
in the pulmonary lobes; no localization of receptors with intermediate adapta- 
tion rates to pulmonary distension was made. 

The value of the adaptation index is limited. It does not distinguish between 
the adaptation rates of endings which cease firing within 1 sec, so that stimuli 
well above threshold must be used and the endings must discharge for 2 sec or 
more. It is especially dangerous to apply it to receptors which are not being 
stimulated at constant strength. 

A constant volume inflation of the lungs shows a decrease in the intratracheal 
pressure after the inflation is complete; this is usually assumed to be due to slow 
continued expansion of pulmonary tissue. Accompanying changes in the calibre 
of the air passages have not been measured, but there may be a narrowing of 
the lumen as the intratracheal pressure drops; this would depend on the visco- 
elastic properties of the trachea and bronchi relative to those of the lungs. This 
probably explains the fact that a constant pressure inflation of the trachea and 
bronchi caused a more slowly adapting discharge from tracheobronchial 
| receptors than a constant volume inflation of the lungs; and that pulmonary 
deflation excited the receptors at a more slowly adapting rate than inflation. 

Three types of tracheobronchial receptor have been described; they have 
been distinguished on the basis of their localization and the responses to 
various mechanical and chemical stimuli; their rates of adaptation have been 
used as a convenient label. In Table 3 are listed the five types of respiratory 
. receptor whose afferent nerve fibres have been investigated. 

Rapidly adapting tracheal receptors and the mechanical cough reflex. The 
following observations suggest that the rapidly adapting tracheal —— were 
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afferent organs for the mechanical cough reflex; details of the latter in the cat 
have been given elsewhere (Widdicombe, 1954): 

(1) They were stimulated by light touch from within the trachea; the same 
stimulus caused coughing. 

(2) Distension and collapse of the airways excited the endings and caused 
an expiratory effort; the order of effectiveness of stimuli (release of deflation, » 
deflation, inflation and release of inflation) was the same for both the receptors 
and for the reflex, and the time relations and thresholds fitted closely. 

(3) The localization of the endings corresponded to the pattern of sensitivity 
of the reflex; for example, the carina was the most sensitive area for eliciting 
coughing with a mechanical stimulus and the rapidly adapting receptors were 
concentrated there. 


Taste 3, Afferent nerve fibres from the thoracic respiratory system 


Vagal 
tempera- 
ture to 
Receptor Localization Stimulus response (°C) Authors 
Pulmonary stretch ?Pleura ?air Pulmonary i 8-19 Adrian (1933) 
passages inflation bition 


Slowly adapting Trachea and Inflation and Inhibition; 7-13 This paper 


Rapidly adapting Trachea Mechanical en 7-15 This paper 
tracheal stimuli broncho- 
constriction 
Intermediate Trachea and Mechanical Cough; 7-10 This paper 
bronchial bronchi andchemical broncho- 
irritants constriction 
Mediastinal Mediastinum Mediastinal Unknown — Adrian (1933) 
deformation 


(4) The endings were sensitized by powdered talc, which was a mechanical 
stimulus to coughing. 

(5) Ether vapour paralysed the receptors, and also abolished the mechanical 
cough reflex by an action on the afferent side of the arc. 

(6) The receptors were blocked by Siaillee procaine solution sprayed into 
the trachea; this inhibited the reflex. 

(7) Afferent nerve fibres from the receptors were blocked at temperatures 
from 7 to 15° C; the cough reflex was blocked by vagal cooling to 8-15° C. 

(1), (4) and (5) suggest that the endings lay close to the tracheal epithelium, 
and this is supported by the fact that an endotracheal mechanical stimulus was 
more effective than one from outside the airway. Larsell (1921, 1922) has 
described subepithelial receptors in the trachea and bronchi of a number of 
species (but not, apparently, the cat) which may be endings for the cough 
reflax. They had small knoblike terminals, covered a wide area and had large 
afferent nerve fibres; from their appearance he concluded that they were 
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tactile organs. They were concentrated at the carina and the points of bifurca- 
tion of the bronchi. Elftmann (1943) found similar endings in the puppy and 
the kitten. Larsell & Burget (1924) investigated the cough reflex in the rabbit, 
and decided that it was produced through the subepithelial receptors. If these 
receptors are present in the cat they may well be those examined here. If this 
is 80, it is the first instance of the identification of a respiratory receptor, its 
afferent nerve fibre and its reflex effect. 

The central action of these receptors is to cause coughing. The exact pattern 
of the response depends on the type and depth of anaesthetic (Widdicombe, 
1954) but the primary change is a strong expiratory effort associated with 
bronchoconstriction. Since the same stimuli cause the expiration and the 
bronchoconstriction it may be supposed that both motor responses are caused 
by the same sensory receptors. In the cat the reflex arc for coughing may 
include a small afferent component in the sympathetic nervous system, and 
tracheobronchial nerve fibres have been found running there. 

In their work on the respiratory effects of electrical stimulation of the vagus 
nerve, Wyss & Rivkine (1950) described a fibre group of Af size (‘like tactile 
fibres’) which caused either a weak inspiratory response with a low rate of 
stimulation or a pure expiratory effect with increased frequency of stimulation. 
They concluded that a single set of afferent fibres was responsible for these 
opposite effects, and that they were somewhat smaller than the Hering-Breuer 
inhibitory fibres (group Aa). While such stimulation experiments are difficult 
to interpret, it is tempting to suggest that Wyss & Rivkine were stimulating 


afferent nerve fibres for the cough reflex. The latter are somewhat smaller than 


the pulmonary stretch fibres (to judge from ease of dissection, action potential 
size and the temperature needed to block conduction) and their reflex action 
is to cause expiration, inspiration or both. In addition, Schroeder (1951) has 
shown that in the unanaesthetized dog with exteriorized vagi the cough 
afferent fibres are very sensitive to electrical stimuli, although the conditions 
of his experiments did not allow him to assess the fibre size. 

Intermediate endings and the chemical cough reflex. The tracheobronchial 
receptors with intermediate adaptation rates had several properties which 


_ distinguished them from the other two types of receptor; in particular they 


were the only endings which were consistently sensitized by sulphur dioxide, 
and at first this observation was rather puzzling. The receptors which seemed 
to be responsible for the cough reflex (rapidly adapting tracheal receptors) 
were not affected by sulphur dioxide, which caused coughing. The reason for 
this discrepancy became clear after a study of the cough reflex; it was shown 
that the afferent nervous pathways for the mechanical and chemical cough 
reflexes were different (Widdicombe, 1954), and it is concluded that the inter- 
mediate receptors were sensory organs for the chemical cough reflex. The few 
experiments in which the vagi were cooled were consistent with this “— 
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The central action of these receptors can be deduced from the reflex effects 
of sulphur dioxide. The coughing caused by this gas usually started with an 
expiratory effort, although there were more prominent inspiratory gasps than 
with a mechanical stimulus; the exact pattern of the motor response must 
depend on the central mechanisms of coughing (about which little is known) 
as much as the afferent pathways. Sulphur dioxide also caused bronchocon- 
striction, but this has not been analysed; if the gas acts in a similar way to 
ammonia there may be a reflex component to this bronchoconstriction 
(Banister, Fegler & Hebb, 1949). As with mechanical stimuli, sulphur dioxide 
acts via the sympathetic nervous system as well as the vagus nerves, and the 
receptors of the intermediate group have been shown to send fibres to the 
sympathetic trunk. 

The histology of these receptors is not clear. Subepithelial endings were 
found by both Larsell (1921, 1922) and Elftmann (1943) throughout the bronchi, 
which are relatively insensitive to mechanical stimuli. The intermediate re- 
ceptors all responded to mechanical stimuli (which was their means of detec- 
tion) and the reflex effect of both types of stimuli must be coughing. Probably 
it is necessary to excite a large number of endings before coughing is caused; 
a gas would penetrate throughout the lungs whereas a mechanical stimulus 
would be far more localized and therefore less effective. In this respect the 
intermediate receptors differ from the rapidly adapting tracheal receptors for 
which a localized stimulus causes vigorous coughing. 

Slowly adapting bronchial receptors. These were the largest group of tracheo- 
bronchial receptor discovered. They resembled the ‘deflation receptors’ of 
Adrian (1933) in that they were slowly adapting to deflation of the lungs. 
Adrian stated that ‘it was indeed likely that some of the endings which react 
to suction are those which react normally to inflation. But there is no doubt 
that deflation calls a new set of endings into play as well.’ In the investigation 
of over 400 respiratory nerve fibres only seven have been found which responded 
to deflation but not to inflation of the lungs (apart from the rapidly adapting 
tracheal endings). Knowlton & Larrabee (1946), in an analysis of ninety 
receptors, did not report any which were not excited by pulmonary distension. 
It seems probable that Adrian did not use sufficiently large inflations, since 
many of the airway receptors have very high thresholds to inflation of the 
lungs, and that his ‘deflation endings’ were really slowly adapting bronchial 
receptors. If this is so, specific deflation receptors have yet to be found. 

Distension and collapse of the larger air passages of the cat caused a slowing 
of respiration (Widdicombe, 1954); this was similar to the reflex described by 
Hammouda & Wilson (1936) for the dog. The reflex thresholds were —10 to 

—30 mm Hg for deflation, and 25 to 50 mm Hg for inflation. The majority of 
the slowly adapting receptors would be excited by these pressures, but since 
they were applied to only a small part of the tracheobronchial tree a large 
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stimulus might be required for a reflex response. It is more difficult to explain 
the fact that inflation had a higher reflex threshold than deflation; no such 
difference was seen with the slowly adapting receptors. Maintained inflation 
| nd deflation of the air passages may also cause reflex bronchoconstriction. 

Apart from these reflexes and coughing, the only reflex response to volume 
_ changes of the airways was an acceleration of respiration caused by large 

negative pressures (threshold —50 to —90 mm Hg). It is probable that the 
slowly adapting receptors were responsible for the respiratory slowing and 
possibly the bronchocanstriction ; it seems unlikely that the accelerator reflex 
was mediated by these endings, for not only is the response opposite in nature 
to the inhibitory reflex, but it could not be produced at all by large inflations 
of the air passages, but only by deflations. 

Histological work on the sensory organs in and around the airways suggests 
that there are only three main types of receptor. The subepithelial endings 
which are probably responsible for the cough reflex; smooth muscle spindles 
and perichrondrial receptors (Larsell, 1921, 1922; Elftmann, 1943). All these 
endings are said to have ‘large’ or ‘coarse’ nerve fibres. If there are no other 
types of receptor in the bronchial walls it is most likely that the slowly adapting 
endings were smooth muscle spindles. The following observations support this 
view: 

(1) The receptors were more sensitive to stretch of the bronchial walls than 
to touching the epithelium. 

(2) They were concentrated at the bronchial bifurcations where the greatest 
area of bronchial wall and the greatest amount of smooth muscle lies. | 

(3) They were not affected by intratracheal solutions (procaine) and gases 
(sulphur dioxide and ether vapour) which may be because they lay deep to the 
epithelium. 

(4) Their stretch/response curves were consistent with the view that they 
lay in the tracheobronchial walls. 

Other reflexes. The ‘rapidly adapting pulmonary stretch receptors’ have been 
supposed to cause the Hering-Breuer deflation reflex and Head’s paradoxical 
response (Head, 1889; Larrabee & Knowlton, 1946); both reflexes lead to 
inspiratory activity, the appropriate stimuli being forced deflations and large 
¥  inflations of the lungs respectively. The ‘rapidly adapting’ receptors lie in the 
tracheobronchial tree, but there is no evidence that either the deflation reflex 
or the paradoxical effect can be elicited from there. The cough reflex often 
includes an inspiratory component, but this follows the expiratory phase of 
coughing; the ‘accelerator reflex’ from the bronchi is only seen when high 
negative pressures are applied to the air passages, and never with positive 
' pressure. It seems very unlikely, therefore, that the slowly adapting bronchial 
receptors are responsible for either the Hering-Breuer deflation reflex or the 


paradoxical response of Head. 
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The role of tracheobronchial reflexes in normal respiration. The part played by 
the tracheobronchial receptors in the respiratory cycle can be assessed from 
their pressure thresholds. In quiet breathing the bronchi show changes in 
diameter (Ellis, 1936), as they do-in coughing (Franklin & Janker, 1938). In 
eupnoeic inspiration about half the slowly adapting bronchial endings will be 
stimulated; these receptors probably slow the respiratory cycle. They may, 
therefore, have a similar effect to the pulmonary stretch receptors. Further- 
more, bronchial distension also causes reflex bronchoconstriction in the lobes 
of the lung, and this bronchoconstriction will cause an increased resistance to 
inflation and therefore a greater intrapleural presstire for a constant tidal 
volume; the larger pressure drop across the walls of the extrapulmonary air 
passages will lead to still greater bronchoconstriction—a ‘positive feed-back 
system’. 

The rapidly adapting and intermediate endings can play very little part in 
eupnoea, but in hyperpnoea, coughing, sneezing and gasping an appreciable 
number of them will be stimulated. It is difficult to decide what effect these 
will have on respiration, for their central action is to cause coughing, and this 
may include both inspiratory and expiratory components. The exact response 
will depend on central as well as afferent nervous factors. Although the 
response of the cough receptors to volume and pressure changes in the air 
passages has been emphasized, they are also sensitive to stimulation by a 
foreign body in the airways. An endotracheal catheter may excite only a few 
of the rapidly adapting receptors, while collapse of the trachea excites many, 
but the reflex responses may be of similar size. If the receptors are subepithelial 
then deformation of the epithelium (rather than a change in tracheobronchial 


volume per se) would be the natural stimulus; this would explain why many 


of the pressure thresholds were beyond physiological limits, for the sufficient 
change in tracheobronchial volume was that which would deform or ruck-up 
the epithelium where the receptor lay. 

Threshold pressure measurements were made on an isolated portion of the 
extrapulmonary airways. In the intact animal the changes in shape of the air 
passages are controlled not only by the pressure drop across their walls, but 
also by the degree of distension of the pulmonary lobes. The intrapulmonary 
bronchi, for example, are extended during inflation of the lungs, and this must 
influence considerably their diameter. It is not clear how much the shape of 
the extrapulmonary air passages is affected by distension and collapse of the 
lungs, but it is possible that the pressure threshold of the receptors given 
above do not apply precisely to intact cats. They would apply, however, 
to the experiments on tracheobronchial reflexes with similar operative 
conditions. 

» A further point requires mention. Receptors in the walls of the tracheo- 
bronchial tree may respond not only to changes in diameter produced mechani- 
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cally but also to alterations in smooth muscle tone. Preliminary experiments 
(unpublished) show that the response of the slowly adapting receptors is 
affected by the tone of the bronchial musculature. Thus an active broncho- 
| constriction may influence the tracheobronchial reflexes both by a change in 
the sensitivity of the receptors lying in the bronchi, and by altering the 
resistance to inflation of the lungs. It would be interesting to know if these 
mechanisms were involved in clinical conditions such as asthma and pul- 
monary congestion when bronchial tone and pulmonary resistance to inflation 
may be greatly increased. 
SUMMARY 


1. Respiratory receptors which responded to inflation of the lungs of the 
cat have been investigated by recording action potentials from their afferent 
nerve fibres. The receptors which gave the most ‘rapidly adapting’ responses 
to maintained pulmonary distension lay in the tracheobronchial tree; their 
) rapid adaptation was often a mechanical artifact. 

2. Three types of mechanoreceptor were identified in the tracheobronchial 
tree. They could be distinguished by their responses to various mechanical and 
chemical stimuli. 

3. About half the tracheobronchial receptors adapted slowly to distension 
and collapse of the air passages. They were found throughout the tracheo- 
) bronchial tree, being concentrated at the points of bronchial branching. It is 
suggested that they are smooth muscle spindles, and centrally they may cause 
respiratory slowing and bronchoconstriction. 

4. About a quarter of the tracheobronchial endings gave very short dis- 

charges on inflatior{ and on deflation of the trachea, and also on restoration of 
atmospheric pressure. They are probably subepithelial endings, and cause 
coughing in response to mechanical stimuli. 
) 5. The remainder of the receptors gave a short discharge on inflation and 
. deflation of the air passages. They were found throughout the trachea and 
main bronchi, and were sensitized by noxious gases. They are thought to be 
cough receptors for chemical as well as mechanical stimuli. 

6. Mechanoreceptors lying in the mediastinum were also encountered ; their 

central action is not known. 
* 7, ‘The role of tracheobronchial receptors in quiet respiration and in 
coughing has been discussed. 

The author wishes to thank Dr G. S. Dawes for valuable criticism and help in this work; also 
Dr D. G. Wyatt for designing and building the amplifier, and for assistance with the electrical 


apparatus. The work was carried out during the tenure of a grant from the Medical Research 
Coungil. 
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RESPIRATORY REFLEXES EXCITED BY 
INFLATION OF THE LUNGS 


By J. G. WIDDICOMBE 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 1 July 1953) 


Inflation of the lungs excites two opposing respiratory reflexes. The Hering- 
Breuerinhibitory reflex (Hering & Breuer, 1868) slows respiration and diminishes 
the inspiratory efforts; and Head’s ‘ paradoxical reflex’ (Head, 1889) increases 
inspiratory activity. The former reflex has been studied in many species of 
animal, but the paradoxical response has received less attention. Head’s 
observations were made with rabbits; Larrabee & Knowlton (1946), using cats, 
showed that large rapid inflations of the lungs caused a short increase of phrenic 
motoneurone activity, and concluded that this was equivalent to Head’s 
reflex in the rabbit. In repeating the work of Larrabee & Knowlton it was 
noticed that the reflex response to large inflations of the lungs was more com- 
plex than had been supposed, and a third respiratory reflex excited by inflation 
of the lungs has been analysed. 

A brief account of some of this work has already been given (Widdicombe, 
1951). 

METHODS 


Cats have been used, anaesthetized with chloralose (60 mg/kg) after induction with ether. Tracheal 
cannulae were inserted. 

Lung volume changes were recorded on a smoked drum using the body plethysmograph 
described by Dawes, Mott & Widdicombe (1951). Systemic blood pressure was measured by 
& mercury manometer. | 

Action potentials from phrenic motoneurones were recorded after dissection of strands (con- 
taining one or two active fibres) from the uppermost root of the phrenic nerve; the potentials were 
displayed on a cathode-ray oscilloscope. Details of the electrical apparatus used are given else- 
where (Widdicombe, 19545). 

The vagi were cooled by placing them on hollow silver thermodes (1 cm long) through which 
cold alcohol could be circulated. The temperature of the thermode was measured by thermo- 
couples. A fuller description of this technique has already been given (Dawes ef al. 1951). 

Positive pressure inflations of the lungs were made by a motor-driven syringe which could 
deliver up to 100 ml. in approximately 1 seo. The time of inflation of the lungs was signalled on 
the cathode-ray oscilloscope. Most cats within the weight range used made spontaneous gasps of 
over 100 ml. in less than 1 sec, so the inflations were within the physiological limits of a gasp. 
Intratracheal pressures were recorded using an electrical condenser manometer registering on 
& cathode-ray oscilloscope. 
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To inflate the lobes of the lungs without distending the trachea an endobronchial catheter was 
used ; this had a balloon at its tip which could be distended to block the bronchi, while inflations of 
the lung were made through the main lumen of the catheter (Widdicombe, 19545). 


RESULTS 


In a total of twenty-six cats, eighty-five active motoneurones have been 
isolated. The discharges in eupnoea (tidal volumes of 20-40 ml.) were first 
recorded and then at the beginning of an inspiration a positive pressure pul- 
monary inflation of 100 ml. in 1 sec was made. This modified the discharge of 
the receptor by reflexes from the respiratory system. Typical responses are 
shown in Fig. 1, where the phrenic discharge for an eupnoeic inspiration is 


Fig. 1. Responses of phrenic motoneurones to large inflations of the lungs. On the left are the 

_ action potentials discharged during eupnoeic inspirations (controls); on the right are the 
discharges of the next breaths after the controls, modified reflexly by inflation with 100 ml. 
of air during the gap in the signal trace. A shows a typical composite response. B shows 
action potentials from two fibres; one was brought into play only during the large inflations 
of the lungs. In C one fibre was conducting impulses continuously; the other appeared only 
during inspiration, and was inhibited by a large inflation of the lungs. For an analysis of the 
records see text. 


compared with the activity for the next breath modified by artificial inflation 
of the lungs. The majority of fibres behaved as in A. At the peak of inflation 
there was an increased frequency of discharge, identical to that seen Sy 
Larrabee & Knowlton (1946) and ascribed to Head’s paradoxical response. In 
addition, the inspiratory effort was shorter, and while the lungs remained 
inflated the next breath was delayed; these effects were due to the Hering- 
Breuer inhibitory reflex. In B, two fibres were active; one appeared only on 
artificial inflation, and therefore showed only the paradoxical response, while 
the other was similar to that shown in A. 
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In Fig. 1 A it will be seen that immediately after the increased peak frequency 
there was an inhibition of discharge for half a second; in B this effect is far 
smaller, but it is very clear in C. This last motoneurone showed no excitatory 
reflex response, but merely a short inhibition at the peak of inflation. It was 
difficult to explain this inhibition of inspiration in the middle of the phrenic 
discharge by the Hering-Breuer reflex, since the receptors for the latter are 
slowly adapting (Adrian, 1933; Knowlton & Larrabee, 1946; Widdicombe, 


Control Inflated 


Fig. 2. The effect of pulmonary inflations with increasing volumes of air on phrenic motoneurone 
activity. Records as in Fig. 1. Inflations (made during the depression of the signal trace) 
have their volume shown on the right. The eupnoeic tidal volume was about 40 ml. When 
0 ml. was injected no air was allowed to enter the trachea during the inspiratory effort. 
Increasing the volume of inflation elicited the excitatory and inhibitory reflexes. 


19545) and cause inhibition over a long period; it seemed unlikely that they 
would produce a short inhibition at the peak of inflation and that their influence 
would then decrease sufficiently for the phrenic motoneurones to regain activity 
during the same inspiration. Moreover, with small inflations the pause in the 
middle of the phrenic discharge was never seen, although the response to the 
Hering-Breuer reflex was obvious (Fig. 2, 40 ml. inflation). It was more likely 
either that the excitatory reflex had an inhibitory after-effect, or that a different 
set of afferent nerve fibres was responsible for the short inhibition. The inhibi- 
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tory reflex was never seen after cutting the vagus néeves; it was present in cats 
with open and closed chests, and with positive and negative pressure inflations. 

To differentiate the three reflexes the vagi were cooled while pulmonary 
inflations were carried out. The fibres from slowly adapting pulmonary stretch 
receptors are blocked with the vagi at 8-10° C or higher (Torrance & Whit- 
teridge, 1948; Widdicombe, 19546). These fibres conduct the Hering-Breuer 
inhibitory reflex, and in Fig. 3 the vagal temperatures needed to abolish this 
reflex are shown for nineteen cats; only one cat had the reflex present with the 
vagi at 9° C, and none at 8° C. Furthermore, it has been shown that intravenous 


19 

15 

0 i i i i i 

Vagal temperature (°C) 


Fig. 3. Histogram showing the temperatures to which the vagi were cooled to block the Hering- 
Breuer inhibitory reflex. Ordinate: number of cats (out of nineteen) in which the reflex was 
present. Abscissa: vagal temperature. 


injections of veratridine sensitize the slowly adapting pulmonary stretch 
receptors, and the respiratory response to this drug is abolished by cooling the 
vagi to 8-10° C (Dawes et al. 1951). Any vagal reflex which survives these 
temperatures cannot, therefore, be due to Hering-Breuer inhibitory fibres. — 
Fig. 4 illustrates a result with vagal cooling. With the vagi at body tempera- 
ture a response similar to that shown in Figs. 1 and 2 was present. With the vagi 
at 10° C the discharge was no longer cut short by inflation, and the next 
inspiratory effort followed at a normal interval (not shown); there was still an 
excitatory effect at the peak of inflation followed by a short inhibition. When 
the vagi were cooled to 5° C the excitatory reflex was blocked but the short 
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inhibition was unaltered; this showed that the inhibition was not an after- 
effect of the paradoxical response. Cutting the vagi abolished all three reflexes. 

A typical appearance of a motoneurone response to inflation when the vagi 
were cooled to block the Hering-Breuer and paradoxical reflexes is shown in 
Fig. 5. The vagi were cooled to 6° C and an inflation of 80 ml. made. There is 


Vagi normal 
10 


10 


2 3 4 

Time (sec) | 

Fig. 4. Effect of progressive cooling of the vagi on pulmonary inflation reflexes. The impulse 
frequency of a single phrenic motoneurone is plotted against time. O—0O, discharge during 
control eupnoeic inspirations; x — x, discharge during the next inspiratory efforts, modified 
by inflation of the lungs with 100 ml. of air. The inflations were carried out during the periods 
indicated by the black bars. The conditions of the vagi for each of the four pairs of graphs is 
shown on the right. Cooling of the vagi is seen to block the respiratory reflexes, and to 
differentiate them. 


no trace of the excitatory reflex, but at the height of inflation the phrenic 
discharge was interrupted for about half a second. 

For each motoneurone isolated, the vagi were cooled to several temperatures 
and the presence or absence of the three reflexes observed. The paradoxical 
response (Fig. 6) showed a fairly wide temperature range from 5 to 11° C; one 
response survived cooling to 2° C. Torrance & Whitteridge (1948) found that 
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the afferent fibres for the paradoxical response were ‘not blocked by vagal 
cooling to 6° C’. The short inhibitory response (Fig. 6) was rarely blocked 
above 4° C, and not always at 0° C. Since the ability of a nerve fibre to with- 
stand cold probably bears an inverse relationship to its diameter, the inhibitory 
reflex is mediated by small vagal fibres, although their exact size has not been 
determined. 


Fig. 5. Response of a single phrenic motoneurone to inflation of the lungs (80 ml.) when the vagi 
were cooled to 6° C. Records as in Fig. 1. 
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Vagal temperature (°C) oa 
Fig. 6. Histograms to show the vagal temperatures which blocked Head’s paradoxical reflex 
(lower histogram) and the small-fibre inhibitory reflex (upper histogram). Ordinate: percen- 
tage of phrenic motoneurones which showed the appropriate reflex response. Abscissa: vagal 
temperature. The figures above the histograms represent the number of motoneurones from 


which the percentage was calculated: for each motoneurone the vagi were cooled to two to 
five different temperatures. 


The threshold of the inhibitory reflex has been measured in two ways. In 
a number of cats the vagi were cooled to about 5° C and inflations with different 
volumes were made; the smallest volume to cause inhibition was taken as the 
threshold. Apart from these experiments, inflations well above the threshold 
were used, and the volume of inflation at which inhibition first appeared was 
taken as the threshold. Although the latter method was probably less precise, 
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both compared well in several cats; the results from both methods are included 
in the histograms of Fig. 7. These show the thresholds for the paradoxical 
response and the short inhibitory reflex. Although there was considerable 
overlap, the inhibitory reflex had a rather higher range of thresholds than the 
excitatory reflex. The cats used to compile these histograms weighed between 
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Fig. 7. Histograms to show the inflation thresholds of Head’s paradoxical reflex (left) and the 
small-fibre inflation reflex (right). Ordinate: number of cats. Abscissa: volumes of inflation 
which elicited the appropriate reflex. 

2 and 3 kg, and no clear relationship between weight and threshold was seen. 

The fact that the inhibitory reflex was of high threshold fits with its timing 

during inflation. Most of the inhibition occurred after the inflation was com- 

plete, and it seemed possible that the reflex was excited by changes occurring 
after the pulmonary distension. In many instances, however (e.g. Fig. 5), the 
inhibition started before the injection of air was complete. 

It was possible that the inhibitory reflex originated in cough receptors, for 
an expiratory effort would inhibit the phrenic discharge. Records of intra- 
tracheal pressure while the reflex was being obtained showed that there was no 
expiratory effort. Furthermore, the cough reflex is blocked by cooling the vagi 
to 7~-8° C (Widdicombe, 1954a) at which temperatures the small-fibre inhibi- 
tory reflex was present. 

In three cats (six phrenic motoneurones) pulmonary inflations were made 
through a catheter blocking the left main bronchus; by this means pressure 
changes in the trachea were minimized, and tracheal distension during inflation 
eliminated. Inflation of the left lower pulmonary lobe either through the 
trachea or through the endobronchial catheter elicited all three respiratory 
reflexes. The response of one motoneurone is shown in Fig. 8. It would seem 
unlikely, therefore, that afferent nerve fibres from the trachea or pre-pulmonary 
bronchi play any part in these reflexes; the trachea is the most sensitive area 
for mechanical stimuli to coughing. 
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2 3 


Time (sec) 


via an endobronchial catheter (below). Graphs plotted as in Fig. 4. @—@, control eupnoeic 
inspiration; O—O, the next inspiratory effort modified by inflation of the lungs (100 ml.). 


DISCUSSION 
Reflexes from the respiratory system which may cause inhibition of inspiration 
include the Hering-Breuer inflation reflex, the cough reflex, the pulmonary 
response to certain drugs, and possibly reflexes arising from the pulmonary 
vascular bed. These are listed in Table 1, together with the high-threshold 
inhibitory reflex described in this paper. — 
Table 1. Reflexes from the lange causing inspiratory inhibition 


Vagal 
Respiratory a block 
Reflex Stimulus response (°C) Authors 
Hering-Breuer Pulmonary a 8-14 Hering & Breuer (1868) 
inhibitory inflation ibition 

Cough Irritants Cough 7-14 Widdicombe (1954 a) 
‘Amidine’ Amidines i 0-2 Dawes et al. (1951) 

* Vascular’ ? Vascular Apnoea and then <6 Whitteridge (1950) 

distension quickening | 


It was concluded that the Hering-Breuer reflex was not responsible for the 
high-threshold inhibition, for the vagal temperatures which blocked conduc- 
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tion of the two reflexes were widely separated. In addition, the thresholds 
were different, and the slow adaptation rates of the pulmonary stretch receptors 
were not compatible with the short response of the small-fibre inhibitory 
reflex. 

With regard to the cough reflex, mechanoreceptors for coughing are stimu- 
lated by large pulmonary inflations (Widdicombe, 19545), and both the timing 
of their activity and the fact that they cause inspiratory inhibition would fit 
surprisingly well with the high-threshold inhibitory reflex. But the cough 
reflex can be eliminated for three reasons. First, the reflex described in this 
paper was not accompanied by any expiratory effort. Secondly, the vagal 
temperature ranges needed to block the two systems of afferent nerve fibres were 
widely separated. And thirdly, the small-fibre reflex was present when the 
trachea (the zone most sensitive to mechanical stimuli for coughing) was not 
distended during inflation of the lungs. 

It is possible that cough receptors in the lobes of the lungs might have been 
responsible for the small-fibre reflex; noxious gases elicit vigorous coughing 
from this site, but the afferent nerve fibres which respond to the gases are 
blocked at rather high vagal temperatures. The respiratory response to noxious 
gases included both inspiratory and expiratory components, and was unlike 
the reflex described here (Widdicombe, 19542). 

Dawes et al. (1951) have shown that the injection of certain amidines causes 
apnoea in the expiratory position from receptors inthe lungs whose afferent 
fibres are not blocked until the vagi are cooled to below 2° C. Paintal (1952) 
has recorded action potentials from pulmonary nerve fibres which respond to 
intravenous injections of these drugs, but apparently their receptors were not 
excited by large inflations of the lungs; it is unlikely, therefore, that they are 
responsible for the small fibre reflex. 

Changes in the pulmonary vascular bed reflexly influence respiration 
(Whitteridge, 1950). The rapid shallow respiration of multiple pulmonary 
embolism is sometimes preceded by a short period of apnoea immediately after 
the embolism. Both effects are blocked by cutting the vagi, and the rapid 
respiration survives cooling of the vagi to 6° C (Torrance & Whitteridge, 1948). 
Aviado, Li, Kalow, Schmidt, Turnbull, Peskin, Hess & Weiss (1951) have 
shown that raising the pressure in the dog’s perfused pulmonary arteries with 
the pulmonary veins clamped leads to tachypnoea, sometimes preceded by 
a brief apnoea. Thus the initial respiratory effect of pulmonary vascular 
distension is often inhibitory, and the subsequent increase in respiratory rate — 
could in theory be due to a sensitized inhibitory reflex. It is certainly true that » 
large inflations of the lungs deform the pulmonary blood vessels (e.g. Pearce & | 
Whitteridge, 1951) and any reflexes from them must be modified; there is no 
direct evidence for or against the possibility that the high-threshold vasa 
arises from the pulmonary vascular bed. 
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It is unlikely that this reflex plays any part in the normal eupnoeic respira- 
tion of the cat; but adult cats under chloralose anaesthesia frequently make 
spontaneous gasps of over 100 ml. in less than 1 sec, and in coughing and 
hyperpnoea even larger tidal volumes in shorter times can be observed. Under 
these conditions it seems probable that the high-threshold reflex is excited. 
On the basis of threshold measurements Larrabee & Knowlton (1946) have 
suggested that Head’s paradoxical response in the cat can ‘supplement the 
inspiratory drive’ of a deep inspiration and convert it to a gasp; with its yet 
higher threshold it is possible that the inhibitory reflex may limit these 
excessive inspiratory efforts. 


SUMMARY 


1. Respiratory reflexes excited by inflation of the lungs have been studied 
in the cat, using phrenic motoneurone activity as a measure of efferent response. 

2. Apart from the Hering-Breuer inhibitory reflex and the excitatory 
response to large inflations (Head’s paradoxical effect) a third reflex has been 
identified; this is a short inhibition of inspiratory activity produced by large 
pulmonary inflations, and is distinct from the Hering-Breuer reflex. 

3. The three reflexes were differentiated by progressive cooling of the vagus 
nerves; the results suggested that the high-threshold inhibitory reflex may be 
mediated by small afferent nerve fibres. 


4, The possible nature of the receptors for this reflex is discussed together 
with the part it may play in respiration. 


The author wishes to thank Dr G. 8. Dawes for his encouragement and interest in this work, 
which was carried out during the tenure of a grant from the Medical Research Council. 


REFERENCES 
Ame E. D. 1580. Afferent impulses in the vagus and their effect on respiration. J. Physiol. 


D. M. 1061). Soumipt, C. §., G. L., Ye G. W., 

EIss, (195 Respiratory and circulatory reflexes from perfused heart 
and pulmonary circulation of the dog. Amer. J. Physiol. 165, 261-277. 

Dawsgs, G. 8., Morr, J. C. G. (1951). Respiratory and cardiovascular reflexes 
from the heart and lungs. J. Physiol. 115, 258-291. 

Heap, H, (1889). On the regulation of respiration. J. Physiol. 10, 1-71. 

Henne, E. & J. (1868). ort den Nerves Vagus. 
8.B. Akad. Wiss. Wien, 57, 672-677; 58, 909-937 

Kyow tron, G. C. & M. G. (1946). of pulmonary volume receptors. 
Amer, J. Physiol. 147, 100-114. 

by inflation of the lungs. Amer. J. Physiol. 147, 90-99. 


A. 8. (1952). Conduction veloci ‘end cardiovascular afferent 
fibres in the cervical vagus. J 7. PhostolA17, 40-41 P. 

Pzarce, J. W. (1951). The relation of pulmonary arterial pressure variations 
to the activity of afferent pulmonary vascular fibres. Quart. J. Physiol. 86, 177-188. 


‘ 
. 
> 
4 
4 
« 
2 
al 


RESPIRATORY REFLEXES FROM THE LUNGS 115 


Torranon, R. W. & Wurrrzntpes, D. (1948). Technical study of respiratory reflexes. 
J. Physiol. 107, 6-7 P. 


D. (1950). M 
ve (1950). Multiple embolism of the lung and rapid shallow respiration. Physiol. 


Wiwpicomss, J. G, (1951). Observations on the 
lungs. J. Physiol. 115, 55 P. respiratory inhibition caused by inflation of the 


Wrppicomsg, J. G. (1954a). Respiratory reflexes from trachea bronchi 
J. Physiol. 128, 55-70. 


vee Receptors in the trachea and bronchi of the cat. J. Physiol. 123, 


8-2 


4 
f 
*» 
x 
4 
‘ 
‘ 
3 
A 
‘g 
G 
8. 
it ‘ 
18 


116 


J. Physiol. (1954) 123, 116-125 


THE USE OF SACS OF EVERTED SMALL INTESTINE FOR 
THE STUDY OF THE TRANSFERENCE OF SUBSTANCES 
FROM THE MUCOSAL TO THE SEROSAL SURFACE 


By T. H. WILSON* anp G. WISEMAN 
From the Medical Research Council Unit for Research in Cell Metabolism, 
Department of Biochemistry, and the Department of Physiology, 
University of Sheffield 
(Received 11 July 1953) 


A preparation of isolated small intestine of the rat or golden hamster (Mesocri- 
cetus auratus) is described which permits convenient measurement of respiration 
and glycolysis during periods of active transference of substances across the 
wall. The difficulty of adequate oxygenation is overcome by everting a piece of 
intestine, tying it at both ends and filling it with sufficient fluid to distend the 
wall. The eversion exposes the highly active mucosa to the well-oxygenated 
suspending medium, while the distension increases the surface area of the sac 
and reduces the thickness of the sac wall. The oxygenation of the inner layer 
of the serosal surface is facilitated by an oxygen bubble which is introduced 
into the sac along with the inner fluid. 

The relatively small volume of fluid contained in the sac (serosal side) allows 
a rapid rise in concentration of transferred substances. A number of adjacent 
segments of intestine from the same animal may be studied simultaneously. 

The method was tested with glucose and methionine, both substances being 
known to be transferred against a concentration gradient (Fisher & Parsons, 
19496; Wiseman, 1953). Aerobically both were transferred against a con- 
centration gradient in this preparation, but no active transference took place 
anaerobically. 


WXPERIMENTAL 


Preparation of tissue. The animal (rat or hamster) was killed by a blow on the head, the 
abdomen opened by a midline incision, and the entire small intestine washed out with a solution 
of 0-9% (w/v) NaCl containing 0-3% (w/v) glucose. The whole of the small intestine was then 
removed by cutting across the upper end of the duodenum and the lower end of the ileum and 
manually stripping the mesentery from the intestine. In the case of the hamster all the fat and 
mesentery were removed by this procedure, but in the rat a small amount of fat remained on the 
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intestine along the line of mesenteric attachment. There was never any evidence of perforation 
of the intestine as a result of this treatment. 

To evert the gut, a stainless steel rod (300 mm long, 1-5 mm diameter) was used to push the 
ileal end of the gut into the gut lumen until it appeared at the duodenal opening of the intestine, 
and the eversion was completed by rolling the proximal half of the intestine on the rod. The 
everted intestine was then slipped off the steel rod and placed in glucose-saline at room tem- 
perature in a flat porcelain dish, A thread ligature was tied around one end of the everted intestine 
to facilitate subsequent identification. 

Measurement of initial and final volwmes. A length of everted intestine (2-3 cm in most experi- 
ments) was tied off at one end by a thread ligature and a second ligature was placed loosely around 
the other end (ready for tying). After being blotted with a piece of filter-paper the tissue plus the 
ligatures were weighed on a torsion balance. A blunt needle, attached to a 1 ml. syringe (tuber- 
culin type), was introduced into the intestinal lumen and the loose ligature pulled tight over the 
needle. The appropriate fluid along with a small bubble of 0, (approximately 0-05 ml.) was then 
injected into the sac and as the needle was withdrawn the ligature was tied tight. This distended 
sac was weighed and the increase in weight taken as a measure of the initial volume. The volume 
of the fluid in the sac at the end of an experiment was determined by weighing the sac before and 
after draining it of ite contents. 

Chemical estimations. Lactic acid, glucose and methionine were determined colorimetrically by 
respectively. 

was checked by the use of the L-amino-acid oxidase prepared from Neurospora crassa and was 
found to be 100% pure within the limits of error (+ 3%). 

Manometry. Conical Warburg flasks of 25 or 125 ml. size were used. When determining the 
rate of oxygen uptake, phosphate-saline (Krebs, 1933) was used as the medium, with KOH and 
filter-paper in the centre-well. In anaerobic experiments bicarbonate-saline (Krebs & Henseleit, 
1932) gassed with 5% CO, in 95% N, was used. Some aerobic experiments were performed in 
bicarbonate-saline which was gassed with 5%, CO, in 95% O,. The 25 ml. flasks were shaken at 
90 oscillations/min (total excursion 4 om), the 125 ml. flasks at 70/min. 

Transference and metabolic quotients. To express the results the following quotients are used: 

Qo, =ul. O, uptake (indicated by minus sign) in phosphate-saline/mg dry wt./hr. 

Qk, =u. CO, evolved anaerobically in bicarbonate-saline/mg dry wt./br. 

acta lactic acid produced aerobically (estimated colorimetrically)/mg dry wt./hr. 

Qeincose metadotizea = glucose disappearing from the medium/mg dry wt./hr. 

Qeincose tranaterred 804 Qercthionine transterrea =/4l. Of the material on the serosal side at the end of an 
experiment in excess of that initially present/mg dry wt./hr. 

Glucose, methionine and lactate are expressed as pl. of gas (1 pmole ~22-4 yul.). Positive 
transference values indicate passage of the substrate from mucosal to serosal side; negative values 
indicate passage in the opposite direction. Water transferred is not given in Q units (i.e. ul. gas) 
but as wl. of fluid/mg dry wt./hr. 

Dry weight. The sacs were emptied at the end of the experimental period and the surfaces gently 
blotted with Whatman no. 40 filter-paper. In the case of the rat the wet tissue was extracted 
with ether to remove fat. The weight was determined after drying for 2 hr at 110° C. 


RESULTS 
Hamster small intestine | 
Five sacs were prepared from consecutive segments of everted small intestine 
of the hamster and shaken at 90 oscillations/min in 25 ml. Warburg flasks at 
37° © for 1 hr. The rate of oxygen uptake of the first sac was measured and 
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found to be — 29 yl./mg dry wt./hr. The other four served for the study of the 
movement of methionine, glucose and water under aerobic and anaerobic 
conditions. Tables 1 and 2 show the initial and final concentrations of glucose 
and methionine respectively as well as the total amounts transferred in these 
sacs. The initial concentrations of glucose and of methionine were the same 
inside and outside the sac. Aerobically the glucose concentration rose on the 
serosal side to more than twice the initial concentration, while it fell on the 
mucosal side. In contrast, there was a net loss of glucose on the serosal side 
anaerobically. The net transference of glucose, methionine and water and the 
utilization of glucose were calculated from the initial and final concentrations 
and volumes. Aerobically there was a net gain of methionine and water on the 
serosal side, while there was a loss anaerobically. Because water passed out of 
the sac more rapidly than methionine under anaerobic conditions there was 
a slight rise in methionine concentration on the serosal side. There was a small 
net loss of methionine, corresponding to 0-002 mg/mg dry wt./hr, probably © 
representing diffusion into the tissue. QNa, was 17-2 in sac no. 4 and 19-3 in 
sac no. 5. 

When the initial concentration of methionine is reduced to 0-1°%, the net 
transference is decreased but the final concentration gradient becomes greater. 
In experiments with lower substrate concentrations larger sacs were incubated 
in 125 ml. Warburg flasks, giving larger volumes of fluid for analysis. Fig. 1 
shows the concentration gradients developed in 1:5 hr. Owing to the large 
difference in the volume of fluid inside (about 2 ml.) and outside (about 10 ml.) 
the sac, the fall in glucose and methionine concentrations outside the sac are 
not as great as the rise inside the sac. The calculated transference values and 
the glucose metabolism values are shown in Table 3. 

The transference of glucose in phosphate-saline was studied with jejunal 
sacs. In one such experiment the Qo, was found tobe — 20, the Q.,,,,ose transterred 
was 17, the Quincose metabolizea 785 8-2, and the water transferred was 1-0 wl. 
fluid/mg dry wt./hr. A large amount of glucose was transferred with little 
movement of water. When such sacs were greatly distended at the beginning 
of an experiment they lost fluid during incubation under aerobic conditions 
but there was always a net gain of glucose within the sac. 

The largest glucose concentration gradients were obtained with two sacs 
placed in bicarbonate-saline (no methionine being added). The concentration 
of glucose on the serosal side rose from an initial value of 0-2% to over 1-0%, 
while that on the mucosal side fell to 0-1 %. With these sacs the Q,1,cose transterred 
was 36 and the water transferred was 9-6 yl. fluid/mg dry wt./hr, for the jejunal 
sac, while the ileal sac gave @ Q.1,,ose transterrea Of 17 and a water transference 


of 3-9 yl. fluid/mg dry wt./hr. 
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TaBiE 3. Glucose and methionine transferred by sacs of golden hamster small intestine 


(125 ml. Warburg flasks containing sacs, bicarbonate-saline and gas phase 5% CO, in 0,. 
Experimental period 1-5 hr. 37°C. See Fig. 1 for concentrations of glucose and methionine for 
sac no. 1.) | 


wt. fluid/ 

Sac no. Location of sac 
1 61 Lower jejunum 6-5 12 3-6 12 
2 59 Upper ileum 9-0 14 5-1 9-2 

800 
600 
200 
0 


| 


Glucose 


Fig. 1. Concentration gradients developed by a jejunal sac of the golden hamster. (Sac no. 1, 
Table 3. Initial vol. on serosal side = 1-0 ml.; initial vol. on mucosal side = 15-0ml. Bicarbonate- 
saline. Gas phase 5% CO, in O,. Experimental period 1-5 hr.) S, serosal side; M, mucosal 
side; - - - -, initial concentration. 

Rat small intestine 
Tables 4 and 5 show the results obtained with sacs of rat everted small 
intestine. Two pairs of adjacent sacs were placed in large manometer flasks 
containing bicarbonate-saline, one of each pair being gassed with 5% CO, and 

95% O,, the second with 5% CO, and 95% Ny. The Qo, was determined in 

a sac prepared from an area of intestine lying between the regions used for the 

pairs just described, and the value found to be —13-4. Table 4 shows that 

glucose is transferred against a concentration gradient aerobically but not 
anaerobically. The values for Q.sncose transterrea @T¢ lower than those obtained 
with hamster intestine, while the values for Qjincose metabolizea #T@ Similar in 
both species, Table 5 shows that aerobically there is a movement of methionine 
from the mucosal side to the serosal side against a concentration gradient 
while anaerobically there is a slight loss from the serosal side. The Q&}, ¥a5 
19-6 in sac no. 1 and 24-5 in no. 2. 
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Two further experiments are reported in which no methionine was added to 
the suspending medium. With an initial glucose concentration of 0-15% on 
both sides of the intestinal wall the Q,incose transterrea Of jejunal sac was 8-2 
and in two ileal sacs of the same animal 2-8 and 1-1. With an initial glucose 
concentration of 0-3 % two adjacent sacs (jejunal) from a second animal gave 
transference values of 7-0 and 8-1. 

Aerobic lactic acid production 

In a few experiments the temperature of incubation was reduced from 37 to 
32° C in order to decrease the rate of respiration and ensure the adequacy of 
oxygenation. The ratio of the Qo, to QP ++i. cia in the experiments at both of 
these temperatures was similar (about 1) (Wilson & Wiseman, 1954), and 
therefore adequate oxygenation in the experiments at 37° C is assumed. Eight 
rat jejunal sacs were studied at 32° C, with an initial glucose concentration of 
0-4%. The average Q, transterrea W25 4°3 and the metabolizea WS 12-6. 
The Q P11. acia WAS 142. Lacticacid production therefore may account for over 
half of the glucose metabolized. As shown in Table 6 the concentration of 
lactate is greater on the serosal than the mucosal side, although the total 
amounts on the two sides are similar (the volume on the serosal side being 
0-5 ml., that on the mucosal side being 3-0 ml.). The hamster sacs show similar 
gradients of lactate though the concentrations are lower. 


TaBizE 6. Concentration gradients of lactic acid developed by sacs of rat and golden hamster 
small intestine during periods of glucose transference 
(Initial fluid inside and outside sac was bicarbonate-saline containing 0-3% glucose. Gas 
phase 5% CO, in O,. Experimental period 1 hr. 37° C.) 
Serosal concn. Mucosal concen. 


Animal Location (mm) (mm) 
Rat Jejunum 18-4 3-85 
20-7 5-60 
20-6 4-47 
16-6 4-60 
20-6 6-65 
14-5 2-81 
15-8 3-24 
Hamster Jejunum 5-10 1-02 
3-70 0-70 
2-11 0-36 
Hamster Tleum 0-86 0-32 
1-07 0-58 
Time course of absorption 


To study the development of concentration gradients across the sac wall, 
four consecutive sacs of rat jejunum were prepared with the same initial 
concentration of glucose inside and outside the sac. At 20 min intervals after 
the start of incubation, sacs were removed from the manometer flasks and the 
glucose concentration determined. The results are shown in Fig. 2. In the 
first 20 min there was a fall in concentration of about 0-03 % on both sides of 
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the intestine. After 40 min the glucose concentration on the serosal side was 
slightly above the initial value. This was followed by a rapid rise in concentra- 
tion at the 60 and 80 min periods, and was associated with a marked fall in 
| concentration on the mucosal side. The 30 min lag period may represent the 
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ZY Mucosal side 
— 500} ey 
400 Initial concn. 
jr 
4 200 i 
100 


20 min 40 min * 60min 80 min 


Fig. 2. Time course of concentration gradients of glucose developed by sacs of rat everted 
jejunum. (Bicarbonate-saline containing 0-38% glucose was used for initial serosal and 
mucosal fluids. Initial vol. on serosal side =0-3 ml.; initial vol. on mucosal side =3-0 ml. 
Gas phase 5% CO, in O,. Temp. 32° C.) 


time required for the development of a high concentration of glucose within 
the tissue and for diffusion through the submucosa and muscularis. A similar 
fall in concentration and lag period was found by Wiseman (unpublished 
observations) when studying amino-acid transference with intestine in vitro 
(Wiseman, 1953). 
DISCUSSION 

The results reported in this paper show that the sacs of everted intestine of 
| the rat and hamster are suitable for the study of intestinal transference. Both 
test substances, glucose and methionine, are transferred against concentration 
gradients and the quantities transferred are of the same order of magnitude 
as in other preparations of isolated intestine (Fisher & Parsons, 1949); 
Wiseman, 1953; Darlington & Quastel, 1953). 

An essential condition for full activity of the tissue is adequate oxygenation, 
and the high aerobic glycolysis of the rat intestine raises the question whether 
oxygenation is in fact satisfactory. The view that oxygenation is adequate is 
supported by the results obtained at 32° C. If the glycolysis were due to lack 


Ps 
a 
4 
4 
4 
+ 


124 T. H. WILSON AND G. WISEMAN 


of oxygen it should fall markedly when the temperature is decreased, but the 
ratio Qo,/OPstic acia WS the same (about 1) at 32°C. Also the fall of Qo, 
accompanying the decrease in temperature, being about 40%, for a change of 
5° C, is of the order expected for a system where the diffusion of oxygen 
is not a limiting factor. 

The amounts of glucose which disappear in the rat intestine are considerably 
greater than the amounts which are transferred across the wall. It is very 
remarkable that about half of the glucose which disappears from the mucosal 
side is converted into lactic acid and that this substance appears in much 
higher concentration on the serosal side than on the mucosal side. A similar 
lactate concentration gradient was observed (Wilson, 1953) in the preparation 
of Fisher & Parsons (19492). This suggests that the conversion of glucose to 
lactic acid may play an important part in the absorption of glucose by rat / 
intestine. Hestrin-Lerner & Shapiro (1953) have recently found that sng 
transference of radioactive glucose by the rat and cat intestine an unidentifi 
radioactive substance is produced. It would seem likely that this unidentified 
radioactive materia! is lactic acid. In the case of the hamster aerobic lactic 
acid production is considerably lower than in the rat, but a similar concentra- 
tion difference is observed. 

Aerobically, fluid moved into the sacs against a hydrostatic pressure. When 
the sacs were only moderately distended at the start of the experiment distension 
increased under aerobic conditions; anaerobically the reverse occurred. When 
the sacs were greatly distended at the start by the injection of a larger amount 
of fluid, some fluid left the sac even aerobically. Thus fluid passes from the 
mucosal to the serosal side until a critical degree of distension is reached. 
Since the concentration of the inorganic ions was not estimated the full 
explanation for the movement of water is uncertain. One explanation is that 
water moves across the intestine passively with the glucose until the critical 
distension is reached, after which time glucose continues to be transferred but 
without a further movement of water. McDougall & Verzdr (1935) have shown 
that during absorption of glucose from a 5%, glucose solution, water is absorbed 
along with the glucose and that water transference stops when glucose absorp- 
tion from such a solution is inhibited. 


SUMMARY 


1. A method is described by which respiration and active transference by 
sacs of intestine of the rat and golden hamster can be measured simultaneously. 
To secure adequate oxygenation, the intestine is everted and the wall distended 
by filling the sac with fluid at a slight pressure. 

2. Aerobically glucose and methionine are transferred against a concentra- 
tion gradient across the wall of the sacs; anaerobically no active transference 
occurs. 
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3. Data are given for the amounts of glucose and methionine which are 
transferred by the intestinal wall. 

4. Aerobically water moved into the sac with the glucose and methionine, 
while anaerobically fluid was lost from the sac. 

5. In the rat, a major portion of the glucose metabolized appears as lactate 
which accumulates on the serosal side of the intestine. In the hamster 
a smaller amount of lactate is produced but accumulation on the serosal side is 
also observed. 

6. It is suggested that the conversion of glucose to lactate by the intestine 
may play a part in the absorption of glucose. 


Part of the expenses of this research was defrayed by a grant to one of us (G.W.) from the 
Medical Research Fund of the University of Sheffield, and by a grant from the Medical Research 
Council to Prof. D. H. Smyth. The authors are indebted to Dr M. Hokin and Dr L. E. Hokin for 
stimulating discussion. They also wish to thank Prof. D. H. Smyth and Prof. H. A. Krebs, F.R.S., 
and Dr R. E. Davies for much helpful advice and interest in this work. Thanks are also due to 
K. H. Curtis for technical assistance. 
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METABOLIC ACTIVITY OF THE SMALL INTESTINE OF THE 
RAT AND GOLDEN HAMSTER (MESOCRICETUS AURATUS) 


By T. H. WILSON* anv G, WISEMAN 
From the Medical Research Council Unit for Research in Cell Metabolism, 
Department of Biochemistry, and the Department of Physiology, 
University of Sheffield 


(Received 11 July 1953) 


A method of preparing small sacs of everted small intestine for the study of 
active movement of substances across the wall has been described in a previous 
paper (Wilson & Wiseman, 1954). This technique has been used in the study of 
the respiration and glycolysis of the various regions of the small intestine of 
the rat and golden hamster. 
EXPERIMENTAL 

The preparation of sacs of everted small intestine and the general experimental procedure are 
described by Wilson & Wiseman (1954). The intestinal sacs were placed into 25 ml. Warburg 
flasks and shaken at 90 oscillations/min (4 cm amplitude). At this rate of shaking there was very 
little disintegration of the tissue of either rat or hamster, although at faster rates there was often 
pronounced tissue disintegration, the rat intestine being more fragile than that of the hamster. 

The thickness of the wall of intestinal sacs as used in the metabolic experiments was measured. 
In the case of the rat 0-2 ml. of fluid was introduced for each 1 cm length of intestine, while in the 
hamster 0-3 ml./om was used. The thickness of the sac wall was caloulated (assuming a specific 
gravity of 1-0) from the wet w@ight of the tissue and the length and circumference of the sac. 

The lactic acid produced under aerobic conditions was measured by the colorimetric method 
of Barker & Summerson (1941), while the anaerobic lactic acid production was estimated 
‘manometrically. 


RESULTS 


Thickness of sac wall. The thickness of the wall of sacs made from various 
regions of the small intestine of the rat and hamster was estimated and the 
results are shown in Table 1. Since the length of the rat intestine is about 
twice that of the hamster more sacs were obtained from the intestine of the 
former. The thickness of the rat intestine was about 0-30 mm in the upper 
region of the jejunum while only about 0-15 mm in the lower ileum; that of the 
hamster intestine increased from about 0-23 mm in the duodenum to about 


0-28 mm in the jejunum, and then decreased to a value of about 0-17 mm in the 
lower ileum. 


* Exchange Fellow of the American Cancer Society. 
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Under the experimental conditions, with 100% O, as gas phase and a Qo, 
of —20 (ul./mg dry wt./hr), the limiting thickness for oxygenation of the tissue 
is 0-44 mm as calculated from the formula of Warburg (1923). Since the 
average thickness of the wall of the sacs varies from about 0-17 to about 
0-30 mm, adequate oxygenation may be assumed, especially as the villiform 
structure of the mucosal surface greatly facilitates diffusion. 


TaB_E 1. Thickness of the wall of sacs made at various locations along rat 
and hamster small intestine 


(The sac was distended by injection of 0-2 ml./em length of intestine for the rat and 0-3 ml./om 
for the hamster.) 


Golden hamster Rat 
Animall, Animal 2, Animal 1, Animal 2, 
Location (mm) (mm) Location (mm) (mm) 
Duodenum 0-25 0-22 Duodenum 0-30 0-30 
Upper jejunum 0-26 0-22 Upper jejunum (0-31 0-26 
0-29 0-28 0-26 0-28 
0-24 0-21 0-29 0-28 
0-20 0-19 0-25 0-23 
Lower 0-17 0-17 d 0-29 0-24 
0-24 0-22 
0-23 0-23 
0-22 0-21 
0-14 0-18 
Lower ileum — 0-17 


Taste 2. Qo, of sacs made at various locations along the rat and hamster small intestine 

(Each Warburg flask contained 3 ml. phosphate-saline containing 0-3% glucose, 0-2 ml. 
2n-NaOH and filter-paper in centre-well, and was gassed with 100% O,. Experimental period 
lhr, 37°C.) 


Q 
(ul.jmg dry wt.jhr) 
Location Hamster Rat 
jejunum 14 ~ 21. 

~ 13-1 — 23-5 
-128 — 20-5 

—12-0 —196 

12-6 ~178 

13-0 -17-2 

-10-0 ~ 15-5 

Lower ileum — 13-5 


Oxygen wptake. Table 2 shows Qo, values for sacs made at different locations 
along the small intestine of the rat and hamster. In the hamster the Qo, 
decreased from —23 in the duodenum to —10 in the lower ileum; in the rat 
the value in the duodenum was —23 and that in the lower ileum was 
—14. In all experiments the rate of oxygen uptake of the sacs was constant 
for the 1 hr period studied. Three other experiments with each species were 
performed and similar results obtained. 

Glycolysis. The rates of aerobic and anaerobic lactic acid production of sacs 
made at various locations along the small intestine of the hamster are shown 
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_ in Table 3. Anaerobically the rate of lactic acid production (ul./mg dry wt./hr) 

of the hamster intestine increased from 11 in the duodenum to 19 in the middle 

jejunum and then decreased to about 10 in the lower ileum. Aerobically the 

rate of lactic acid production decreased on passing from the upper to the lower 


Tasxz 3. Aerobic and anaerobic lactic acid production of sacs made at various locations 
along the hamster small intestine 
(Warburg flasks contained the sac and 3 ml. bicarbonate-saline with 0-3% glucose; gas phase 
aerobically 5% CO, in O,, anaerobically 5% CO, in N,. Experimental period 1 hr. 37° C.) 


(ul. 
Location dry wt./hr) Location dry wt./hr) 
Duoden 9-7 Duodenum Ill 
Upper jejunum 10-6 Upper jejunum 14-7 
7 15-6 
5-7 19-0 
2-8 17-3 
Lower 3-3 15-8 


Lower 10-4 


Tasix 4. Aerobic and anaerobic lactic acid production of sacs made at various locations 
along the rat small intestine 


(Warburg flasks contained the sac and 3 ml. bicarbonate-saline with 0-3% glucose; gas phase 
aerobically 5% OO, in O,, anaerobically 5% CO, in N,. Experimental period 1 hr. 37° C.) 


(ul. 
Location dry wt./hr) Location dry wt./hr) 

Duodenum 24-0 Duodenum 26-7 
Upper jejunum 34-1 Upper jejunum 29-0 
24-6 30-4 
25-4 
9-8 16-8 
Lower ileum 3-4 16-5 
16-5 
Lower 12-9 


end of the intestine but the values were lower than those obtained anaero- 
bically. This Pasteur effect (increased lactic acid production in the absence of 
oxygen) was greater in the ileal than in the jejunal region. In the rat, as in 
the hamster, both the aerobic and anaerobic lactic acid production increased 
from duodenum to jejunum and then decreased towards the ileo-caecal valve 
(Table 4). An appreciable Pasteur effect was observed only in the lower half 
of the intestine. The anaerobic glycolysis decreased in most experiments 
during the experimental period of 1 hr, the rate in the second half hour being 
15-30% lower than that in the first. The results shown in Tables 3 and 4 were 
typical of three experiments for each animal. 

Effect of lowering the temperature. A few experiments were performed at 
32° C with jejunal sacs of the rat to determine whether the high rate of aerobic 
glycolysis would continue under conditions less likely to produce anoxia. The 
average Q,, was — 12-5 (8 sacs), the average QPti0 acig Was 14-2 (7 sacs), and 
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the average Qj, was 13-0 (4sacs). Decreasing the temperature of incubation 
lowered the Qo, of the rat jejunal sacs from about —20 at 37° C to about 
—12:5 at 32°C, which is the order of change expected if the tissues were 
. adequately oxygenated at both temperatures. At this lower temperature, as 
at 37°C, no appreciable Pasteur effect was obtained in jejunal segments, 
suggesting that the high rate of aerobic glycolysis by the rat small intestine 
is not due to anoxia under the conditions of the aerobic experiments at 37° C. 


DISCUSSION 


Weil-Malherbe (1938) and Dickens & Weil-Malherbe (1941) have previously 
measured the respiration and glycolysis of the isolated mucosa of rat small 
intestine and noted as a special feature of this tissue a high aerobic glycolysis. 
Lundsgaard (1940) has also found aerobic lactic acid production in perfused 
small intestine of the cat. The high rate of aerobic glycolysis of rat small 
intestine has been confirmed with the present technique; lower rates were 
obtained with the intestine of the golden hamster. 

Metabolic gradients underlying various phases of intestinal activity were 
suggested as long ago as 1918 (Alvarez & Starkweather), but only in relatively 
recent years has clear evidence been presented. Differences of metabolic 
activity have been observed for the isolated mucosa of the rat by Dickens & 
Weil-Malherbe (1941) and also for the isolated smooth muscle of the cat by 
Evans (1923) when these tissues were taken from the various regions of the 
small intestine. On the other hand, the jejunum of the rat has a thicker 
mucosa (Dickens & Weil-Malherbe, 1941) and also a greater mucosal area/cm 
of serosal length (Wood, 1944; Fisher & Parsons, 1950) than the ileum. The 
decrease in the activity on passing down the intestine, therefore, may be due 
to a fall in ratio of mucosa to smooth muscle in addition to a fall in activity of 
the mucosa itself. 

The main species variation is in the rate of aerobic lactic acid production by 
the small intestine. The rat and mouse (Dickens & Weil-Malherbe, 1941) and 
cat (Lundsgaard, 1940) show a higher rate than the rabbit (Rosenthal, 1947) 
and the hamster. 

SUMMARY 

1. Small sacs of everted small intestine of rat and golden hamster have been 
used for the in vitro study of oxygen uptake and aerobic and anaerobic lactic 
acid production. 

2. The Qo, of rat intestine varies from — 23 in the duodenum to — 14 in the 
lower ileum, that of the hamster from —23 to —10. 

3. The QNs, in the rat increased from 27 in the duodenum to 30 in the upper 
jejunum and then fell to 13 in the lower ileum; in the hamster the QR, rose 
from 11 in the duodenum to 19 in the upper jejunum followed by a fall to 10 in 
the lower ileum. 
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4. The Pasteur effect was small in the duodenum and jejunum of both 
animals but increased towards the lower ileum. 


Part of the expenses of this research was defrayed by grant to one of us (G.W.) from the 
Medical Research Fund of the University of Sheffield, and by a grant from the Medical Research 
Council to Prof, D, H, Smyth. The authors wish to thank Prof. D. H. Smyth, Prof. H. A. Krebs, 
F.R.S., and Dr R, E. Davies for helpful advice and interest in this work. Thanks are also due to 
K. H. Curtis for technical assistance. ‘ 
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INTRARENAL PRESSURE 
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(Received 23 July 1953) 


This paper describes some observations on the pressure in the kidney, using 
a method of continuous recording. Previous methods have not been able to 
show rapid fluctuations in this pressure, as they have only been suitable for 
intermittent measurements. Winton (1937) first attempted to estimate this 
pressure by measuring the least ureteric pressure which produced a detectable 
reduction in urine flow. Swann, Montgomery, Davies & Mickle (1950) 
measured the pressure with a Bourdon tube manometer which was connected 
by a tube filled with heparin-saline to a needle in the renal substance and 
alternatively, via a stop cock, to a pressure source. A pressure of about 
250 mm Hg was first imposed on the Bourdon tube, and the stop-cock was 
then turned so that the manometer was connected, under pressure, to the 
needle, This caused approximately 10,1. of saline to flow into the kidney, and 
the pressure to fall until a steady level was reached. The pressure in the system 
was then considered to equal the pressure within the kidney. Finally, Gotts- 
chalk (1952) measured the height of a column of saline connected to a needle 
or glass micropipette in the renal substance when a state of equilibrium had 
been reached. 

In this paper a continuous electrical recording of the pressure in the kidney 
was obtained with a saline-filled needle connected to a capacitance manometer 
placed at the level of the kidney. In conformity with Swann et al. (1950) this 
pressure will be referred to as the intrarenal pressure (1.R.P.). The observations 
to be reported fall into three groups: (1) general considerations and technical 
difficulties associated with the determination of a valid 1.R.P.; (2) a description 
of the 1.x.P. found in anaesthetized dogs before and after death; (3) the effect 
of various procedures on the 1R.P., with special reference to sustained 
oligaemia and the influence of the renal capsule. 
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METHODS 


7-12 kg anaesthetized with intravenous pento- 

barbitone. Supplements were given from time to time as required. An endotracheal tube was 
inserted immediately after induction of anaesthesia. One polythene tube was then inserted into 
the lower abdominal aorta through the femoral artery for systemic pressure measurement with 
a capacitance manometer, and another was introduced into the inferior vena cava via the femoral 
vein to give access to the circulation for intravenous injections. The dogs were then suspended on 
a horizontal beam by means of hooks inserted through the skin of the withers and rump in the 
manner described by Shipley & Study (1951). This position permits a most accessible approach 
to the kidney through a flank incision and allows both kidneys to be approached without opening 
the peritoneal cavity. When the kidney had been exposed, the perinephric fat was incised and 
gently laid back; a no. 24 British standard gauge needle (external diameter 0-56 mm) was then 
inserted through the posterior surface of the kidney for measurement of the 1.R.P. 

The needle was filled with heparin-saline and joined by polythene tubing (0-5 mm internal 
diameter) to a condenser manometer (Hansen, 1949) which was connected with a four-channel 
recording device. The extremely small hydraulic admittance of this apparatus prevented the 
needle from becoming blocked with renal tissue. The needle was inserted so that ite long axis lay, 
as nearly as possible, in the direction in which the kidney moved with respiration, and the polythene 
tubing was not allowed to touch the side of the wound. These precautions limited the tilting of the 
needle with each respiration. 


Procedure in experiments designed to study the effect of sustained oligaemia on the 
intrarenal pressure 

In four dogs oligaemia was produced by a large venesection sufficient to cause an initial reduc- 
tion of mean blood pressure to about 70 mm Hg. The 1.8.P. was measured before and 30-60 min 
after venesection while the renal artery pressure was altered over a wide range. This was done 
mechanically in one of two ways, either by compression of the aorta above the renal artery with 
a Spanish windlass or by perfusion through the cannulated renal artery with a mechanical pump, 
the pressure being altered by variations in the pump output. Both these techniques have been 
described previously (Miles & de Wardener, 1952; de Wardener & Miles, 1952). 


Decapsulation 

In other experiments, the capsule of one kidney was removed and the 1.8.P.’s on the capsulated 
and decapsulated sides were compared before and after raising the 1.2.P. by various means. 

Decapsulation was performed taking care not to grasp or handle the kidney. Traction on the 
anterior layer of perinephric fat brought the kidney near the surface and the capsule was then 
incised and dissected off the whole surface of the kidney with a flat blunt probe and dissecting 
forceps. The left kidney was always the one decapsulated and this was done before any surgical 
approach to the right side. In this way there was an interval after decapsulation of at least 
20-30 min before the 1.8.P. was measured. 


Methods used to increase the intrarenal pressure of both kidneys one of which was decapsulated 

An increase in 1..qggwas produced in three dogs by causing a diuresis with an intravenous 
injection of 20 ml. of 25% mannitol. In another animal the 1.8.r. was raised by compressing the 
inferior vena cava above the renal veins with a Spanish windlass and in yet another animal both 
kidneys were perfused simultaneously at a pressure of approximately 300 mm Hg with blood 
containing 4 m.mole/l. of potassium cyanide. The 1.8.P. in this case was raised both by the high 
perfusion pressure and by the diuresis caused by the cyanide. In this experiment the kidneys were 
perfused in situ through a cannula in the aorta below the renal arteries after ligation of the aorta 
above. The renal venous blood supplied the pump via a cannula in the inferior vena cava after 
a ligature had been placed above the entrance of the renal veins. In this way the renal circuit 
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was completely independent of the circulation of the dog. In order to maintain a constant renal 
venous pressure, the tube leading from the inferior vena cava was interrupted at a point arbitrarily 
fixed 7 em above the kidney and the blood allowed to flow into a funnel and thence by gravity to 
the flow-meter and pump, Potassium cyanide dissolved in physiological saline was then added to 
the perfusing blood. 


RESULTS 
General considerations 
Effect of the needle on the intrarenal pressure 


Occasionally, introduction of the needle was followed by a rapid and 
substantial increase in 1.R.P. presumably due to perforation of a small artery. 
More frequently, the insertion of the needle was associated with a fall in 
pressure; this was noticed in the following circumstances: (1) immediately 


Fig. 1. (A) Arterial and (B) intrarenal pressures (mm Hg). Touching the intrarenal 
needle is shown to cause a fall in 1.2.P. lasting severa minutes, 


after inserting the needle the 1.z.P. was often low and then rose slowly to level 
out at a higher pressure. (2) When the needle was withdrawn and replaced 
frequently in the same area of the kidney the 1.n.P. would sometimes fall and 
remain low though a second needle inserted in another place would record 
a pressure similar to that found originally with the first needle. (3) If the needle 
were touched accidentally or tilted by respiratory movements the 1.R.P. might 
fall rapidly and then return to the previous level (Fig. 1). 

Other evidence of the effects of the needle included local blanching seen 
sometimes when the needle was placed obliquely in the cortex, and a sudden 
fall in renal blood flow which occurred in two perfused kidneys immediately 
after the insertion of a needle. : 
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Relation of the intrarenal pressure to the site and depth of the needle 

Simultaneous measurements of the 1.R.P. in two different parts of the same 
kidney were made in six anaesthetized dogs. The two pressures were usually 
similar, but in two dogs repeated measurements showed a difference of 
9-16 mm Hg. This may have been due to local variations in the reactivity of 
the vascular bed to the needle or may have represented an actual difference 
in 1.R.P. existing before the insertion of the needle. 

The following observations show that it is possible for the 1.R.P. to vary in 
different parts of the same kidney. (1) A weight was placed on one pole of an 
excised kidney, and although the 1.n.P. was raised beneath the weight, the 
1.R.P. at the other pole was not affected. (2) In another kidney, which had two 
renal arteries, only one artery was perfused and the 1.R.P. was found to be 
15 mm Hg higher in the perfused half. (3) In a severely scarred kidney the 
pressure in the most scarred area was approximately 17 Se oe hen that 
obtained in a less scarred area. 

Simultaneous measurements of the 1.n.P. at different depths j in a normal 
kidney did not reveal any consistent difference in pressure. 


Fluctuations and pulsations of the intrarenal pressure 

Spontaneous fluctuations in the 1.n.P. of up to 15 mm Hg were sometimes 
seen; they were either periodic and fast or irregular and slow. The high- 
frequency fluctuations were associated with respiration. Fig. 2 shows an 
example of rapid fluctuations occurring in both kidneys simultaneously. 
Intrarenal pulsations varied between less than 1 and up to 4 mm Hg. 


Intrarenal pressure during life and after death 

Fig. 3 shows the 1.x.P. obtained in fifteen anaesthetized dogs with normal 
intact kidneys plotted against the simultaneous systemic pressure, the 1.R.P. 
in seven dogs after death is also shown; experiments with perfused kidneys 
are not included. The 1.R.P.’s shown in the figures are the mean of several 
consecutive or two simultaneous readings with different needles in the same 
kidney. Consecutive measurements were made after withdrawing and replacing 
the needle and waiting until all evidence of drift had ceased. In life, the mean 


1.R.P. was 2] mm Hg with a range of 8-35 mm Hg and after death 2-7 mm Hg 
with a range of 1-5-4 mm Hg. 


Factors influencing intrarenal pressure 
The main purpose of this section is to present evidence of the effect on 1.R.P. 


of (1) sustained oligaemia, and (2) the renal capsule. A few observations on the 
effect of adrenaline and noradrenaline are also recorded. 


3 
& 
« 
« 
> 
| 
* 
4 


INTRARENAL PRESSURE 135 


| Fig. 2. Simultaneous 1.2.r.'s in both kidneys, one of which was decapsulated. Simultaneous 
variations in pressure are shown which related to the phasic respiratory rhythm. 
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Systemic blood pressure (mm Hg) 

Fig. 3. The 1.2.P. in fifteen lightly anaesthetized dogs ( @) plotted against the simultaneous 
systemic arterial pressure; and the intrarenal pressure after death ( x) in seven dogs. 
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The effect of sustained oligaemia on the intrarenal pressure 

These experiments were performed in four dogs. The 1.8.P. was measured 
before and 30-60 min after a venesection while the renal artery pressure was 
progressively reduced by mechanical means on each occasion; in two of the 
dogs this was done by aortic compression, and in the other two by lowering 
the stroke output of the pump delivering blood to a perfused kidney. By 


e BEFORE HAEMORRHAGE 


10 
* 30 min after haemorrhage 
0 20 40 60 80 100 120 
Renal perfusion pressure (mm Hg) 


Fig. 4. The 1.n.P. plotted against renal perfusion pressure before and after haemorrhage. 
Renal perfusion pressure was altered by aortic compression. 


independently altering the renal artery pressure in this way it was possible to 
dissociate the effect of sustained oligaemia on the 1.z.P. from the effect of the 
systemic hypotension which accompanied it. 

The fall in renal artery pressure was accompanied in all cases by a fall in 
1.R.P. both before and after venesection, but when oligaemia was present the 
1.R.P. was 5-15 mm Hg lower at all comparable levels of renal artery pressure. 
A typical example is illustrated in Fig. 4. In the two dogs with kidneys 
perfused by the pump, direct measurements of the renal blood flow showed 
that the oligaemia had produced vasoconstriction. 
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The effect of the renal capsule on the intrarenal pressure 

The effect of decapsulation was first studied under the conditions produced 
by light anaesthesia and operation alone. This was done in two ways: by 
: taking the 1.R.P. in a single kidney before and after decapsulation (five experi- 
ments, five dogs) and by comparing simultaneous 1.z.P.’s in both kidneys, one 
of which had been decapsulated (three dogs). With the last method, the 
measurements were repeated after 10-20 min thus giving six results. The 
combined eleven results are given in Table 1 which shows that the mean 1.R.P. 
: was 20-0 mm Hg in the capsulated and 20-5 mm Hg in the decapsulated 
| kidney. 


TaBLE 1. Intrarenal pressures (1.2.P.) in capsulated and decapsulated kidneys of lightly 
anaesthetized dogs 


Dog no. Capsulated Decapsulated Difference 
same kidney 3 18 18 0 
4 18 17 I 
5 10 15 5 
Simultaneous readings 6 (i) 20 24 4 
of in 28 28 0 
i one of which 7 (i) 16 17 I 
, was (ii) 17-5 20 2-5 
8 (i) 22-5 20 2-5 
ii 13 2-5 
Mean 20-0 20-5 2-1 


Experiments were then made to see if the capsule had any effect at higher 
LR.P.’s. In these experiments the 1.R.P. was raised by (1) intravenous mannitol, 
, (2) raising the venous pressure, and (3) perfusing both kidneys at high pressure 
with blood containing potassium cyanide. In all these experiments one kidney 
was decapsulated. 

The effect of mannitol diuresis. 20 ml. of 25% mannitol was given intra- 
venously on two occasions in three dogs. Continuous changes in I.8.P. were 
: recorded simultaneously in the two kidneys. Fig. 5 shows the 1.n.P. before and 

the maximum pressure obtained after giving mannitol in all six experiments; 

the maximum pressure was reached 1-3 min after the administration of 
mannitol, After mannitol the mean 1.8.P. was 36-2 mm Hg in the capsulated 
and 33-3 mm Hg in the decapsulated kidneys. 

The effect of raising the venous pressure. The renal venous pressure was 
raised by occlusion of the inferior vena cava above the entrance of the renal 
- veins, and the effect on the 1.z.P. was recorded simultaneously in both kidneys. 
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The experiment was performed 5 times in one dog. Fig. 6 shows that a com- 
parable rise in 1.R.P. to over 50 mm Hg occurred in both kidneys. 


60 Control kidney Decapsulated kidney 


intrarenal pressure (mm Hg) 
T 


Fig. 5. The effect of intravenous mannitol on the intrarenal pressure of both kidneys, one of 
which was decapsulated (three dogs, six experiments). @, before mannitol; ©, after 


Fig. 6. The effect of inferior vena caval occlusion on the systemic blood pressure and on the 
L.B.P.’s of both kidneys, one of which was decapsulated. The 1.2.r. rise is similar in the two 
kidneys. 


The effect of potassium cyanide and raising perfusion pressure. Raising the 
perfusion pressure in both kidneys to approximately 300 mm Hg with blood 
containing potassium cyanide, caused the 1.2.P. in both capsulated and 
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decapsulated kidneys to rise to approximately 100 mg Hg. Fig. 7 records one 
such experiment which was performed 4 times in one dog. 


Fig. 7. L8.P.’s (mm Hg) in both kidneys, one of which was decapsulated, perfused simultaneously 
at a pressure of 200 mm Hg with blood containing potassium cyanide. Comparable pressure 
changes occurred in the two kidneys though the increase was actually greater on the 
decapsulated side. P.P., perfusion pressure (mm Hg). 


Fig. 8. Arterial and intrarenal pressures. Intravenous adrenaline caused a rise in arterial pressure 
and simultaneous fall in 1..P. The large, rapid and irregular oscillations are due to the 
dog shivering. 


The effect of adrenaline and noradrenaline on the intrarenal pressure 

Previous reports (Bush, Coffman, Montgomery & Swann, 1949) have claimed 
that adrenaline increases the 1.R.?.; this result was found in one dog. In two 
others, however, intravenous adrenaline (5-50 1g), and noradrenaline (5-30 1g), 
caused a fall in 1.R.P., despite the considerable increase in blood pressure. One 
of these experiments is recorded in Fig. 8. 
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DISCUSSION 


The 1.8.P. in anaesthetized dogs has been reported to be 26 mm Hg with a range 
of 10-58 mm Hg (Montgomery, Davies, Prine & Swann, 1950), and 16 mm Hg 
with a range of 12-25 mm Hg (Gottschalk, 1952). The value of 21 mm Hg 
with a range of 8-35 mm Hg reported in this paper is therefore comparable 
with these findings. The lack of relation between the 1.R.P. and the simultaneous 
arterial pressure (Fig. 3) is presumably due to the fact that the 1.R.P. is 
influenced by other factors besides the arterial pressure. After death the mean 
L.R.P. of 2-7 mm Hg with a range of 1-5-4 mm Hg is rather lower than the 
results given in previous reports (Swann et al. 1950; Gottschalk, 1952). The 
observations that the 1.n.P. is the same at varying depths and that local 1.r.P. 
changes can be induced in one part of the kidney without affecting other areas 
has been described previously by Gottschalk (1952). 

Two main conclusions emerge from the other findings described in this 
paper; the importance of the state of the renal vascular bed and the un- 
importance of the renal capsule on the 1.n.p. The evidence that the vascular 
component of the 1.R.P. is not only dependent on the systemic and central 
venous pressures is, first, that the 1.x.P. fell after venesection independently of 
any change in renal artery pressure, when direct measurement of the renal 
blood flow showed that renal vasoconstriction had occurred; and secondly, 
that noradrenaline and in some instances adrenaline caused a fall in 1.R.P. 
with a simultaneous rise in systemic pressure. It is likely that the transient 
decrease in the 1..P. which occasionally occurred on inserting the needle or 
upon touching the needle after it had been inserted, was also due to local 
vasoconstriction. In support of this suggestion there are the observations that 
blanching could sometimes be seen in the cortex of the kidney if the needle 
_ were inserted obliquely, and that the initial insertion of a needle in two per- 
fused kidney preparations was accompanied by an immediate decrease in renal 
blood flow. There is not sufficient evidence, however, to exclude the possibility 
that the transient fall in 1..P. was due to a transient, passive, physical 
disturbance at the end of the needle, consequent upon its movement but 
dependent upon its continued presence, e.g. as a result of the creation of a 
‘space’ which might only slowly fill up with fluid. This seems unlikely, as 
a similar but prolonged decrease in local 1.z.P. can sometimes be produced if 
the needle is inserted repeatedly at the same site; a finding also reported by 
Bush et al. (1949). 

Further, the occasional consistent difference in 1.R.P. between the two 
kidneys and between two sites in the same kidney, and the wide range of 1.R.?. 
found in anaesthetized animals by Swann et al. (1950), Gottschalk (1952), and 
ourselves may partly be attributable to natural individual differences between 
kidneys and to the difficulties in obtaining a valid 1.z.P., but it would also be 
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expected if the 1.R.P. were dependent on the renal vascular tone. It is well 
known from studies of the renal blood flow in similar experimental preparations 
that the vascular resistance is extremely variable, probably as a result of 
differences in depth and duration of anaesthesia, trauma and blood loss. 

Finally, the discrepancy between the findings of Swann, Moore & Mont- 
gomery (1952) and Gottschalk (1952) on the relation of the renal artery 
pressure to the 1.R.P, may also be due to a difference in the state of the renal 
vessels. Swann lowered the arterial pressure by arterial bleeding and found 
a more linear relationship than Gottschalk, who lowered the renal artery 
pressure by aortic constriction. Since our experiments have shown that 
changes in I.R.P. may occur irrespectively of changes in renal artery pressure, 
differences in technique may have accounted for their conflicting results. 

The absence of any relation between the 1.r.P. and the renal capsule is 
contrary to the findings of previous workers, Winton (1937) and Swann (1951) 
found that decapsulation lowered the normal 1.x.P. by half, and Swann (1951) 
also stated that ‘the high interstitial pressure of diuresis is about halved when 
the kidney is decapsulated’. It is possible that these findings were due to the 
way in which the capsule was removed, and may thus be another example of 
the reactivity of the renal vascular bed to trauma. If the kidney is handled or 
grasped between the fingers during the removal of the capsule and the 1.R.P. 
then measured a few minutes later it will frequently be found to have de- 
creased. It is essential that the kidney be treated with the greatest gentleness 
and also advisable to allow an interval of time to elapse after decapsulation 
before measuring the 1.2.P. When these precautions are not taken the fall in 
1.R.P. is probably due to reflex vasoconstriction for after the kidney is grasped 
blanching can sometimes be seen on the surface at the points at which contact 
has been made. 

It is evident from our experiments that the renal capsule does not influence 
the 1.R.P. within a pressure range of 1.R.P.’s up to approximately 100 mm Hg. 
It does not follow, however, that the capsule is not under tension in these 
circumstances and does not influence the renal volume; in fact, if holes are 
made in the capsule and the 1.n.P. raised, herniation of the renal cortex can 
be seen. 

SUMMARY 

1. Continuous measurements of dogs’ intrarenal pressure (1.8.P.) have been 
made with a saline-filled needle connected with a capacitance manometer. 

2. The mean 1.R.P. was found to be 21 mm Hg with a range of 9-38 mm Hg 
in anaesthetized dogs and 2-7 mm Hg with a range of 1-5-4 mm Hg after death. 

3. Sustained oligaemia, adrenaline and noradrenaline were found to lower 
the 1.R.P. independently of renal artery pressure. This suggests that the 1.R.P. 
is dependent on the vascular tone as well as the renal artery and venous 


pressures. 
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4. Simultaneous measurements of 1.n.P. in both kidneys, one of which was 
decapsulated, showed that the 1.n.P. was the same on the two sides, even when 
it was raised to 100 mg Hg. The capsule is therefore not believed to influence 
the 1.8.P. to an important extent. 


We are most grateful to Mr M. G. Ventom, Mr F. R. Scholefield and Miss P, Crozier for technical 
assistance, to Mr A. L. Wooding and Mr B. Chanter for the photographs, and to Miss J. Dewe 
for the diagrams. 
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OBSERVATIONS ON THE MECHANISM OF CIRCULATORY 
AUTOREGULATION IN THE PERFUSED DOG’S KIDNEY 


By B. E. MILES, M. G. VENTOM anp H. E. pz WARDENER 
From the Department of Medicine, St Thomas’s Hospital, London 
(Received 23 July 1953) 


The blood flow through the dog’s kidney tends to remain constant despite 
changes in perfusion pressure. The early observations on this subject have 
been reviewed by Winton (1937), and recently Selkurt (1951) and Shipley 
& Study (1951) have shown that the range of perfusion pressure over which 
the renal flow remains relatively unchanged lies between approximately 
90-190 mm Hg. This phenomenon may be present in the isolated kidney and 


has been referred to as circulatory ‘autoregulation’; as it is not known 


whether its mechanism is active or passive, its relationship to the intrarenal 
pressure (1.8.P.) and the effect upon it of cyanide have been studied in an 
attempt to decide this point. 

METHODS 


The experiments were performed on eight dogs anaesthetized with intravenous pentobarbitone 
and maintained by intravenous supplements as required. After induction and tracheal intubation, 
the dogs were suspended on a beam by metal hooks through the skin of the back to facilitate 
retroperitoneal exposure of the kidney through a flank incision. The renal artery was then 
cannulated, taking care to avoid, as far as possible, the renal nerves, and the kidney was perfused 
in situ by a mechanical pump with arterial blood supplied fronf the carotid artery; the renal 
venous blood returned to the circulation via the intact renal vein. Perfusion pressure could be 
altered by changes of the stroke output of the pump and the blood flow measured intermittently 
with a direct flow-meter; changes in flow were also recorded continuously by an electrical flow- 
meter. Further details of the operation, the direct flow-meter and the pump have been given in 
previous papers (de Wardener & Miles, 1952; Miles & de Wardener, 1952). 

In the three dogs in which the effect of cyanide was studied, the renal artery and vein were 
cannulated in sifu, and the kidney then removed from the body and placed in 0-9%(w/v) sodium 
chloride solution at 38°C. In order to maintain a constant venous pressure the tube from the 
renal vein was interrupted at a point, arbitrarily fixed 7 cm above the kidney, and the blood 
allowed to run into s funnel and thence by gravity to the jugular vein. This perfusion circuit, used 
during the first part of the experiment, is illustrated in Fig. 1. Later, after autoregulation had 
been demonstrated, and immediately before cyanide was added to the perfusing blood, the tube 
from the carotid artery was clamped and the renal venous blood was directed to the flow-meter 
and pump. In this way the circulation of the kidney became completely isolated from the body. 
Potassium cyanide, freshly dissolved in sodium chloride solution, was then added in an amount 
caleulated to produce an initial concentration of about 4 m.mole/!, 
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Continuous and simultaneous records of perfusion pressure, 1.8.P. and renal blood flow were 
obtained on a four-channel recording device. Perfusion pressure and 1.R.P. were measured by 
capacitance manometers (Hansen, 1949), the perfusion pressure via a needle in the tubing 
proximal to the kidney and the 1.n.r. via a fine-gauge needle in the renal substance (see Fig. 1). 
Exact details of the technique of the 1.n.P. measurement have been given elsewhere (Miles & 
de Wardener, 1954). The electrical flow-meter functioned on the principle that the rate of blood 
flowing past a constriction in a tube is related to the pressure drop across the constriction. An 
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A 
Fig. 1. Perfusion circuit. A, perfusion pump; B, pulse chamber; C, ‘Photo-electric’ flow-meter; 
D, needle for recording perfusion pressure; Z, saline bath at 38° C; F, needle for recording 
LE.P.; G, venous reservoir; H, direct flow-meter; J and K, capacitance manometers; 
L, photographic recorder. 


adjustable clamp constricted the tube between the pump and kidney and a mercury manometer 
was used to measure the drop in pressure. Movements of the mercury column altered the amount 
of light falling on a photo-electric cell, the current from which was amplified and recorded by one 
of the recording galvanometers. The response of the apparatus to abrupt changes in flow was such 
that 90% of the change was accomplished in 0-25 sec. The relation between flow and galvano- 
meter deflexion, however, was only approximately linear so that the main value of the instrument 
lay in its ability to show the time and direction of the changes in flow which occurred, and their 
relation to changes in the perfusion and 1.8.P.'’s; absolute blood flows were measured frequently 
with the direct flow-meter. When the electric flow-meter was used, the perfusion pulse pressure 
was considerably ‘damped’ by the constriction. 

After the onset of perfusion, the perfusing pressure was kept constant at approximately 
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90 mm Hg and time allowed to elapse for the 1.n.P. and renal blood flow to become steady. The 
perfusion pressure was then increased to about 150 mm Hg by adjustment of the pump and 
maintained at this level for about 2-4 min. The perfusion pressure was then lowered and the 
experiment repeated. 

RESULTS 
Fig. 2 is a record of perfusion pressure, 1.R.P. in two different sites, and direct 
measurements of renal blood flow in an innervated kidney perfused in situ. 


Figs. 3 and 4 are records in another dog of perfusion pressure, 1.R.P. and renal 
blood flow (measured directly and electrically) before and after the addition 


Fig. 2. Perfusion pressure, 1.2.P. and renal blood flow before and after raising the perfusion 
pressure. A, perfusion pressure (mm Hg); B, and B,, 1.2.P. (mm Hg) in two different sites: 
C, direct renal blood flow (ml./min). Circulatory autoregulation is evident. After an initial 
rise in 1.8.P. and renal blood flow, the 1.n.P. decreases slightly as the renal blood flow returns 
to control levels. | 


of cyanide to the perfusate. In this experiment the kidney was isolated and 
denervated. Figs. 3 and 4 are representative of changes found during auto- 
regulation in other dogs, though in some the autoregulation was not so 
complete. 

The examples of renal circulatory autoregulation in Figs. 2 and 3 show that 
although a sudden sustained rise in perfusion pressure caused an immediate 
rise in 1.R.P. and renal blood flow, the blood flow returned to control levels 
without any further rise in 1.n.P. Occasionally, as in these two examples, there 
was actually a fall in 1.n.P. towards the end of the renal blood flow adjustment. 

Fig. 4 shows that cyanide abolished the renal circulatory autoregulation 
which had been demonstrated earlier in the same kidney (Fig. 3). Its dis- 
appearance occurred gradually in all three preparations in which cyanide was 
used, and took about 10 min to be complete. Comparing Figs. 3 and 4, it will 
be noted that the addition of cyanide increased the base-line LR.P. from 
20 to 40 mm Hg presumably because of the increased urine flow and the 
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oedema of cells. Before cyanide, when autoregulation was present, raising the 
perfusion pressure by 50 mm Hg caused the 1.R.P. to increase by only 


1 min 
Fig. 3. Perfusion pressure, 1.R.P. and renal blood flow before and after raising the perfusion pressure. 
A, perfusion pressure (mm Hg); B, t.x.P. (mm Hg); 0, ‘ photo-electric’ blood flow; D, direct 
blood flow (ml./min), Circulatory autoregulation is evident. The 1.x.r. shortly after raising 
the perfusion pressure is the same as it is 2 min later, though, following an initial rise, there 
has been a considerable fall in renal blood flow in the interval. 


Fig. 4. Perfusion pressure, 1.8.r. and renal blood flow before and after raising the perfusion 
pressure in the same kidney as in Fig. 3 but now perfused with blood containing cyanide. 
A, perfusion pressure (mm Hg); B, 1.2.r. (mm Hg); C, ‘Photo-electric’ blood flow; D, direct 
renal blood flow (ml./min). There is no circulatory autoregulation. After raising the perfusion 
pressure the associated rise in renal blood flow is maintained; the increase in 1.8.P. is greater 
than that which occurred before perfusion with cyanide (Fig. 3). 


10mm Hg. After cyanide, there was no ipa snaiedeeh while the 1.R.P. 
increased by 26 mm Hg. 


é 
A 
7 
A 
a 
— 
4 
q 
Cc 
D 
7 
a 
4 
A 
{4 
B 
D 
a 
| 
4 


MECHANISM OF RENAL CIRCULATORY AUTOREGULATION 147 


DISCUSSION 


These results suggest that renal circulatory autoregulation is an active 
mechanism. 

If a change in 1.R.P. were responsible for autoregulation, the 1.R.P. should 
rise when the perfusion pressure is increased and continue to rise all the time 
that autoregulation is taking place, and not as has been demonstrated, only 
rise initially and then remain unchanged or even fall. Further, there should 
not be a greater rise in 1.R.P. when autoregulation is absent, as occurred in the 
cyanide experiments, than when it is present. A lack of causal relationship 
between autoregulation and 1.R.P. has also been noted by Swann (1951). 

The absence of autoregulation after perfusion with cyanide was presumably 
due to its toxic action on cells actively responsible for autoregulation. 


SUMMARY 


1. Continuous recordings of renal blood flow, intrarenal pressure (1.R.P.) and 
perfusion pressure have been obtained in dogs, and renal circulatory auto- 
regulation has been demonstrated on raising the perfusion pressure. 

2. Changes in 1.R.P. were not responsible for autoregulation. 

3. Perfusion of the kidney with blood containing cyanide abolished auto- 
regulation. 

4. These findings suggest that the mechanism of autoregulation is active. 


We are most grateful to Dr A. C. Dornhorst for advice about the electrical flow-meter, and to 
Mr R. Halls for help in ite construction. e 
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INJECTIONS OF DRUGS INTO THE LATERAL VENTRICL 
OF THE CAT | 


By W. FELDBERG anp 8. L. SHERWOOD* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 24 July 1953) 


In order to study the effects of drugs injected into the ventricular system of 
the brain, a method has been developed by which a cannula is permanently 
implanted into the lateral ventricle of the cat so that injections can be made 
subsequently in the unanaesthetized cat without the animal being aware of it 
(Feldberg & Sherwood, 1953a, 5). 

Hitherto drugs have been introduced into the lateral ventricle either under 
general anaesthesia or in unanaesthetized animals through a trephine hole 
where the skin is sewn over the bone defect and the injections are made after 
the wound has healed. In animals under general anaesthesia, it is not possible 
to observe changes in behaviour and many effects seen in the unanaesthetized 
animal are absent, modified, or require considerably larger doses. The method 
formerly used for intraventricular injections in unanaesthetized animals, on 
the other hand, has the following drawbacks: the animals are physically re- 
strained ; fear, pain and other defence reactions may overshadow or modify the 
drug effect; and there must always remain a certain doubt, particularly when 
_ the animal makes sudden movements or struggles during the injection, whether 
injury of the brain substance has occurred and is responsible for the observed 
effects. There is, further, the risk that the drug may leak through injured areas 
and the needle track on withdrawal of the needle, and be absorbed from the 
subarachnoid space into the systemic circulation. The possibility of such leakage 
has recently been pointed out by Bedford (1953). With the method of a cannula 
permanently implanted in the skull, these disadvantages are avoided. 

With a number of widely different substances, recurrent patterns of reaction 
were obtained. Retching, vomiting, defaecation, increased salivation and 
greatly accelerated respiration leading to panting were common features of the 
effects of many drugs at some stage after the intraventricular injection. But, 
apart from these common features, the drugs had a wide variety of effects on 
behaviour, either by depressing both reactivity and motor activity of the 
animal and producing conditions of reduced alertness, drowsiness, sleep, stupor 
* With a Research Grant from the Middlesex Hospital. 


wa 


¢ 
| 
( 
‘ 
~ 
> 


INTRAVENTRICULAR INJECTIONS OF DRUGS 149 
and anaesthesia, or by enhancing reactivity or motor activity and producing 
increased liveliness, alertness and restlessness, or else such pronounced motor 
effects as spastic paresis or convulsions. Some of the effects we observed have 
been described by others, either in anaesthetized or in unanaesthetized animals 
where injections were made without a permanent cannula. References will be 
given in each instance. 

METHODS 


_ The cannula* used for permanent implantation and the operative procedure for its insertion have 


been described (Feldberg & Sherwood, 1953a). In some animals a clot of jelly-like substance 
formed in the lumen of the cannula in the course of some months. This was noticed by increased 
resistance on injection. When this happened the cat was anaesthetized with sodium pentobarbi- 
tone intraperitoneally, the cap was unscrewed, the butt of the cannula being held with the spanner, 
and the cannula was rinsed out with sterile saline solution. Sometimes the rubber perished and 
had to be replaced. In three cats the cannula became loose during the first week after implantation 
and fell out; in these, the wound healed over but the cats were not used for re-implantation. Two 
of the cats were rather young, with thin bone, and they seem, therefore, less suitable for this 
technique. Injections were made once or twice a week. 

All drugs injected were dissolved in Tyrode solution, with the exception of ATP, adenosine and 
sodium pyrophosphate which were injected in isotonic sodium chloride solution. The volume 
injected was varied, according to the size of the cat, between 0-2 and 0-4 ml. 

The following drugs were used for injection: acetylcholine chloride (Roche), adrersline (British 
Drug Houses), Renner chlorhydrate (I.G. Farben), 5-hydroxytryptamine creatine sulphate 
(Abbott), sodium inetriphosphate (Light), adenosine (British Drug Houses), ohmerns _— 
phosphate (British Drug Houses Analar), banthine (8-diethylaminoethyl xanthene-9 late 
methobromide) (Searle and Co.), histamine acid phosphate (Burroughs Wellcome) and histamine 
dichloride (British Drug Houses), hexamethonium bromide (May and Baker), decamethonium 
iodide (Burroughs Wellcome), atropine sulphate (British Drug Houses) and p-tubocurarine chloride 
(Burroughs Wellcome). The amounts injected refer always to the salt except in the case of adren- 
aline, histamine and 5-hydroxytryptamine, where they refer to the base. 

We should like to thank Dr R. K. Richards (Abbott Laboratories) for providing us with 
a sample of 5-hydroxytryptamine, and Searle and Co. for a supply of banthine. 


RESULTS 


Cats have been observed with an implanted cannula for periods up to a year 
without any apparent ill effects. They showed no sign of abnormal behaviour 
or apprehension at the time of injection. 

An intraventricular injection of 0-2—0-4 ml. saline or Tyrode solution pro- 
duces no detectable effect, except that sometimes there are a few licking move- 
ments and that the cat shakes its head for a moment and is a little less lively 
for about a minute. When the same drug was injected once or twice weekly into 
a cat, the sensitivity seemed to decrease in the course of time, so that after a few 
months the smallest dose which was originally active no longer had perceptible 
effects. However, it was not possible to be certain about this decrease in 
sensitivity. 

* The cannula, in non-toxic steel, is made by C. F. Palmer Ltd., Brixton and can be ordered 
(with outfit) under the name ‘Collison cannula’. 
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Acetylcholine 

According to Dikshit (1935), acetylcholine (0-1-0-5 ug) injected into the 
lateral ventricle of the unanaesthetized cat produces a condition resembling 
sleep lasting for 2-3 hr. Later workers (Silver & Morton, 1936; Bornstein, 
1946; McCulloch, Ridley & Sherwood, 1952) observed only drowsiness, stupor 
or confusion in similar experiments on cats. In unanaesthetized monkeys the 
intraventricular injection of a few mg acetylcholine had no effect of this kind 
in the experiments of Light & Bysshe (1933), whereas in man it led to sleep in 
one and to drowsiness in two out of eight patients studied by Henderson & 
Wilson (1936). 

In our experiments an intraventricular injection of 10-20 ug acetylcholine 
elicits within a few seconds either a peculiar high-pitched cry, or the cat retches 
a few times, or does both. It sits down on its hind legs with head tilted and 
eyes half shut, or lies down on all fours with fore paws flexed. It gives the 
impression of being dazed and remains in a fixed position. The condition 
resembles an akinetic seizure. There are licking and swallowing movements, 
and twitching movements of the whiskers. These usually cease after the first 
minute, but the cat remains in its fixed position for another 2-3 min. Then it 
starts looking about and may jump from the table and retreat to a corner of 
the room. Later, it may defaecate. 

During the following few hours the cat’s behaviour is changed. The animal 
appears subdued, detached, inaccessible or stuporous; the condition is not that 
of natural sleep because of the absence of relaxation. Facial movements are 
practically absent and the cat has a vacant expression. When left alone, it sits 
in the cage on its hind legs with its head tilted, or lies on all four legs with fore 
paws flexed and head inclined forward. The eyes are half shut, but they are 
usually opened fully at any disturbance or at sudden noises; the cat may then 
even raise its head but it is difficult to startle the animal. When its legs are 
pulled or extended, or its mouth is opened, the cat does not seem to mind and 
makes no effort to resist. 

The cat is no longer affectionate. When patted, it neither objects nor shows 
any signs of pleasure, but responds only feebly if at all. When vigorously 
stroked over the back, it sometimes tries to raise itself into a half standing 
position and remains in this position for some moments and then sits or lies 
down again. When induced to move, its movements are slow and it tries to 
retreat into a corner. When brought back into the cage, it stays for a few 
moments in the position in which it lands and then sits or lies down again 
slowly. 

The cat is no longer playful. If a paper ball on a string is moved in front of 
it, it sometimes does not even follow the movements with its head and it does 
not try to play. At other times it can be induced to make a brief, desultory 
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attempt to play, but stops very quickly as if it had forgotten what it was about 
to do. 

The effect lasts for several hours, sometimes up to seven. In some instances 
the initial stupor is followed, 10-15 min after the injection, by an interval of 
about half an hour of relative liveliness. 

With 1 yg acetylcholine, the effect is less pronounced and less prolonged than 
after 10 wg. The cat usually sits down in an apparently dazed position 
immediately after the injection and shows a condition of drowsiness or stupor 
during the following hours; it is slow in its movements and lacks interest when 
induced to play with a paper ball. With still smaller doses (0-1-0-2 yg) there is 
sometimes no effect; on one occasion the injection brought about abortive 
retching movements and at other times the cats sat down after the injection 
and were subdued or even stuporous for about 15—30 min. 


Adrenaline and noradrenaline 


“Although no intraventricular injections have been made previously with 
these substances, there are a number of observations showing that, injected 
intracisternally, adrenaline produces analgesia, sleep and anaesthesia. In fact, 
as early as 1914, Bass observed sleep in dogs following the injection of several 
mg of adrenaline under the dura or deeper into the brain. More recently, 
Leimdorfer & Metzner (1949) obtained analgesia, sleep and surgical anaesthesia 
in the same species with 0-5-1 mg/kg adrenaline intracisternally; there was 
also hyperglycaemia. Noradrenaline had a similar, but apparently not so 
pronounced effect, whereas ephedrine was ineffective (Leimdorfer, 1950). In 
cats, drowsiness, sleepiness, analgesia and increased depth and rate of respira- 
tion were obtained with similar doses of adrenaline and under similar conditions, 
and in one of two human patients in whom 2 mg adrenaline were injected 
intracisternally deep sleep occurred (Leimdorfer, Arana & Hack, 1947; 
Leimdorfer, 1948). 

In our experiments intraventricular injection of adrenaline produce the 
following effects. During the first minutes after an injection of 20-80 yg there 
are licking movements and swallowing, followed, in the case of the larger doses, 
by retching, vomiting and once by defaecation. Gradually, within 10-20 min, 
a state develops and subsequently deepens in which the animal appears to be 
under light anaesthesia. The condition is indistinguishable from that of a light 
sodium pentobarbitone anaesthesia. The cat lies in the cage, can be turned 
on its back, or lifted by its front or hind legs without struggling. It does not 
appear to be aware when sawdust gets into its eye, suggesting that the corneal 
reflex is depressed. When the cornea is touched it blinks, but does not make 
evasive efforts with the head. The eyes are closed for most of the time if the cat 
is left undisturbed, but when handled or disturbed, the cat stares with open, 
apparently unseeing eyes, interrupted by short periods in which the eyes fall 
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shut. When pricked with a pin in the thighs, flank or head, it reacts very slowly, 
if at all, and makes no effort to avoid the pin-pricks. When placed on the floor, 
the cat either sags at once or can stand, walk and even jump, depending on the 
depth of the condition, but its gait is very slow and hesitant and consists of a few 
steps, after which the cat sits or lies down. The effect usually wears off within 
an hour and full recovery occurs within about 3 hr. With 5 wg adrenaline there 
is only a suggestion of the syndrome observed with larger doses. 

The intraventricular injection of 40 wg noradrenaline is very like that of 
a similar dose of adrenaline. Too few experiments were made to permit an 
accurate comparison of the potency of the two drugs, but 5 ug had no effect. 


5-Hydrozytryptamine 

A dose of 10 wg was ineffective; with 75-500 yg effects lasting up to 1} hr 
were observed which had some resemblance to those seen after small doses of 
adrenaline, but the condition differed in that the sensorium appeared to be 
little affected, whereas loss of muscular power predominated. 

After 5-hydroxytryptamine the cat has the tendency to he down and, when 
induced to walk, it does so in a clumsy, trotting fashion and falls easily. Muscle 
tone seems low, and the cat’s limbs can be put into abnormal positions without 
much resistance. Usually the cat is neither sleepy nor drowsy, and its eyes are 
wide open; but with the large doses there are short periods during which the 
cat will lie in the cage with closed eyes. When the weakness is not profound, the 
cat is responsive to petting and will even play, but without getting up. One 
cat tried to clamber out of the opened cage but appeared to be unable to jump. 
The condition of weakness comes on within 10 min and earlier after large doses. 
These produce a number of other effects. As the weakness develops, the respira- 
tion becomes irregular and rapid, rising up to 140 per min, and sometimes the 
mouth gapes in an attitude half way between panting and snarling. There are 
always licking movements and sometimes bursts of profuse salivation associated 
with snapping movements of the head. Sniffing and darting movements of the 
head occur independently of salivation. At the height of the effect, there are 
bursts of tremor of the head and neck muscles with twitching of whiskers and 
eyelids. The twitching of the eyelids is more pronounced on the side contra- 
lateral to that of the implanted cannula. Once there was retching within the 
first minutes after the injection and relaxation of the nictitating membrane. 


Defaecation was not observed after 5-hydroxytryptamine, except once after 
400 yg. 


Adenosine triphosphate (ATP), adenosine and sodium pyrophosphate 
The effects of ATP resemble those of adrenaline and 5-hydroxytryptamine. 
Within a minute or two after an intraventricular injection of 200-400 yg the 
cats lie down with eyes half shut. Once retching was observed; sometimes 


a 
| 
| 
| 
- 


INTRAVENTRICULAR INJECTIONS OF DRUGS 153 


there is twitching of the whiskers; licking movements occur regularly and 
continue from time to time for up to 30 min. During this, period the ears, 
nose and pigmented pads become flushed and the respiration irregular and 
often rapid (up to 130 per min). 

The effect differs from that of 5-hydroxytryptamine, in that it is not possible 
to persuade the cat to play. If left undisturbed the cat remains in a lying 
position and when induced to walk it takes only a few clumsy steps, dragging 
its hind quarters or walking on its heels, after which it lowers itself step-wise 
with its front legs wide apart. The hind legs are weak and ataxic. The cat 
cannot be made to run and refuses to jump from the table. When pulled about 
it scarcely resists. In one animal a fore leg got behind the leg of a table and the 
cat had difficulty in extricating it. When put on its back one cat remained in 
this position for several minutes with its front and hind legs in the air, and 
either looked at the observer or fell asleep in this position, often showing tremor 
of the legs. Another cat, when put on its back, remained in this position with- 
out much struggling but only until it was released; it then righted itself 
slowly. 

A regular effect of ATP is defaecation, with or without micturition, which 
occurs 12-45 min after the injection. After about 1-2 hr, the cat becomes 
sleepy and one cat fell asleep regularly after the ATP injections in a natural 
curled-up position and with slow respiration (20 per min). It could be roused, 
but slept on for about 2 hr. as soon as left alone. Afterwards it was still clumsy 
when made to walk, and did not resist when placed in abnormal positions. At 
a time when the effect of ATP begins to wear off, the cat is able to carry out 
swift movements such as running and jumping, but is clumsy and uncertain 
with slower movements. 

The effects of ATP are not due to the phosphate in the molecule, because an 
intraventricular injection of 500 ng of sodium pyrophosphate had no effect of 
this kind; if there was any effect at all, there was a slightly increased liveliness 
for a few minutes after the injection. 

On the other hand, the effects of adenosine resemble somewhat those of ATP, 
but are generally less pronounced and of shorter duration. After an intra- 
ventricular injection of 500 yg, the cat becomes definitely quieter and lies down. 
If the cat is left undisturbed, the eyes remain shut and the position taken up is 
that of natural sleep. The cat has difficulty in standing or walking. All move- 
ments are slowed down, but there are no indications of ataxia or weakness. The 
conditions wears off after 30-40 min. 


Histamine 
An injection of 15 yg histamine has, apart from some licking movements, 


no other noticeable effects; 150-200 yg produce the following signs. A cat 
which, before the injection, is lively and affectionate sits down within a few 
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seconds after the injection and remains motionless for another minute or so. 
During the following minutes licking and swallowing movements occur; there 
is salivation, defaecation, violent retching and the respiratory rate rises to 
about 200 per min, accompanied by frequent periods of panting. The nictitating 
membrane is partly brought forwatd and there is lachrymation. The cat usually 
remains lying in the cage with eyes half closed; when induced to walk, it takes 
a few slow paces and then lies down. It shows no signs of ataxia and the 
righting reflexes are intact, but it is in a state of severe muscular weakness 
which is shown by the fact that, when lifted by one or both front legs it sags 
limply without an effort to pull itself up or to flex the elbow joints as the normal 
cat does. In the following hour, respiration again slows and there is some, but 
not full, recovery from the weakness; the cat is usually found sleeping and 
continues to do so even when touched, but can be roused fairly easily. 

By somewhat decreasing the dose of histamine (for instance 100 yg into 
a 4-5 kg cat) the muscular weakness can be obtained, followed by the state of 
sleepiness without retching, vomiting, defaecation and lachrymation and with 
only slight acceleration of respiration. Salivation is merely indicated by some 
licking and swallowing movements. In such an experiment the cat also sits 
down within a few seconds after the injection and remains motionless; the 
nictitating membrane is also partly brought forward; the muscular weakness, 
although not so pronounced as with larger doses, becomes definite even before 
the respiration increases to 40 or 50 per min. 


Hezamethonium 


After an intraventricular injection of 200 yg, the cat shows a tendency to lie 
down, its gait becomes unsteady, respiration is accelerated and the cat is notably 
subdued. The condition is more pronounced after 500 wg, which produces, in 
addition, retching, swallowing, licking, sometimes profuse salivation which 
may continue for up to half an hour, and an increased rate of respiration up to 
nearly 200 per min accompanied by real panting or periods in which the mouth 
is kept half open. Defaecation and micturition (without ceremonial) and 
vomiting may occur during the first 20 min. If left undisturbed the cat lies 
down on its side with legs outstretched and eyes half closed, in a subdued 
condition, at times to a degree of stupor. The cat is reluctant to move and when 
induced to do so the movements are slow and ataxic; the cat sways, stumbles, 
staggers, and lies down after a few moments; it can, however, jump from 
a table to the floor. The muscles are soft and there is no sign of spasticity as 
after decamethonium. 

Decamethonium 

An intraventricular injection of 1 mg decamethonium brings about a condi- 
tion of spasticity with twitching and trembling all over the body. In a large 
cat (4-5 kg) the effect became apparent 6-8 min after the injection. During 


«4 
a 
a 


INTRAVENTRICULAR INJECTIONS OF DRUGS 155 


this initial period there were licking movements continuing for some time. In 
a smaller cat (2°7 kg) there occurred, in addition, vomiting and profuse viscous 
salivation, and melaena, following defaecation without the usual ceremonial. 
This cat was more affected than the 4:5 kg cat, and the condition of spasticity 
stood out more clearly only about half an hour after the injection, when 
tremor and twitching had become less pronounced. 

When the spasticity develops, the cat walks clumsily on a broad base; the 
movements are deliberate and accompanied by a coarse tremor. It usually 
stands rather stiffly with all four legs extended and moves laboriously, placing 
one paw after the other. The tremor increases during these movements. If the 
cat tries to lie down, it takes a long time to relax sufficiently to reach the ground. 
But afterwards the tremor decreases and subsides, to restart as soon as the cat 
is induced to stand or move. This may actually produce short-lasting, clonic 
movements of the hind legs. When touched whilst resting, or in response to 
loud noises, it starts violently and tremor recurs. The muscles of the legs feel 
hard, and when the legs are flexed passively they offer cog-wheel resistance. 
This condition lasts for over an hour, when the spasticity begins to decrease. 
During the first hour there is, in addition, continuous twitching of the whiskers 
and increased respiration (up to 150 per min) with accessory respiratory 
movements of the nostrils. The nose is intensely red and wet. The cat is fully 
alert even during the height of the drug eftect. At a time when slow movements 
or muscle relaxation appear to be difficult the cat can run and jump. In fact, 


the impairment of slow movements appears to be more pronounced than that 


of quick movements. When the condition of spasticity begins to subside, 
respiration slows down (under 30 per min) and the cat falls asleep, but it can 
be roused and when induced to stand or walk, still shows spastic tremor. There 
is no full recovery after 2-3 hr. For instance, after 2 hr a cat which seemed 
asleep was taken out of its cage and induced to walk; this produced a recur- 
rence of the spastic tremor and the trembling gait. When put back into its 
cage, it stood for a moment with its back arched and all four legs rigidly 
extended and then fell over sideways, remaining for about half a minute in the 
posture it had when standing. Three hours after the injection, the muscles of 
the hind, but not of the front legs were still hard and the cat, when induced to 
walk, did so with a stiff gait and was unstable on its hind legs. 


Banthine 
Banthine, when given intravenously in cats, exerts an atropine-like effect; 
in addition, it blocks transmission in autonomic ganglia and in very large 
doses (several mg/kg) produces signs of neuromuscular block and transient 
respiratory depression (Hambourger, Cook, Winbourg & Freese, 1950). 
An intraventricular injection of 500 ug in the unanaesthetized cat produces, 
as the most striking feature, a pronounced motor disability. This is not a 
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peripheral, curare-like effect like that described after much larger intravenous 
injections, because an injection of 500 ug banthine into the saphenous vein of 
an unanaesthetized cat produced, apart from a transient mydriasis, no other 
observable effects either in motor function or in general behaviour. 

There is no indication, either, that banthine injected intraventricularly, at 
least in the dosage used, exerts a blocking effect on sympathetic ganglia, because 
no fall in arterial blood pressure occurred when 500 ug were injected intraventri- 
cularly into a cat under chloralose anaesthesia and the arterial blood pressure 
was recorded. On the contrary, these injections produced a slight, gradual rise 
of pressure like that seen in Fig. 1b. Such a rise never occurred with control 
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Fig. 1. Cat, 2-8 kg, in chloralose anaesthesia. Effect of intraventricular injection of 500 pg ban- 
thine in 0-2 ml, (at B) on respiration (upper tracing) and arterial blood pressure (lower 
tracing). At T intraventricular injection of 0-2 ml. Tyrode solution. Time in 10 seo. (For 
details see text.) 


injections of Tyrode solution, which had either no effect on the blood pressure 
(Fig. la), or produced a very transient, immediate, small rise. Neither was 
there mydriasis nor relaxation of the nictitating membrane, which occurs in 
the unanaesthetized cat. 

The main effect regularly observed in the cat under chloralose after intra- 
ventricular injections of banthine was slowing, and eventually cessation, of 
respiration, as seen in Fig. 1. The injection of 1 mg banthine was followed, 
after a latency of about a minute, by a gradual rise of blood pressure, a slowing 
of respiration with a decrease in amplitude. The respiration became irregular, 
inspiration and expiration became dissociated ; the cat held its breath after full 
inspiration so that an interval appeared between inspiration and expiration. 
The slowing increased as this interval lengthened. About half an hour after 
the injection, the blood pressure fell and became irregular owing to the great 
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depression of respiration. The tracing at Fig. 1d was obtained at about 50 min, 
and that at e at about 60 min after the injection, when death occurred. In 
those experiments in which artificial ventilation was instituted shortly after 
the respiration had stopped and the blood pressure had fallen to nearly zero 
there was immediate circulatory recovery, showing that death was due to 
respiratory failure. In order to obtain pronounced depression of respiration 
in the anaesthetized animal on intravenous injection of banthine, much larger 
doses are apparently required. With an intravenous injection of 1 mg into 
a cat under chloralose there is only some gradual slowing over the following 
hours, but.a similar slowing may occur without banthine as an effect of the 
chloralose anaesthesia itself. 

The intraventricular injection of 500 ug banthine in the unanaesthetized cat 
causes profound motor impairment and incoordination. A few minutes after 
the injection the cat lies down and, when induced to walk, sways and staggers, 
sometimes crossing its front legs. The gait suggests a drunken animal. The 
motor disability deepens until the cat can no longer walk or stand up. The 
hind legs often appear to be more affected than the front legs. The muscles are 
neither flaccid nor spastic. One cat, when it tried to get up in this state, circled 
backwards or rolled over its own hind quarters, over which it appeared to have 
no control; finally it fell on its side and was unable even to get up on its front 
legs. The motor impairment decreased after about 2} hr, but even then the cat 
was unable to support itself on its hind legs. 

Apart from these signs of motor impairment, there occur a number of 
phenomena which vary from cat to cat. A few minutes after the injection, 
there are licking movements, sometimes also profuse salivation, vomiting and 
defaecation without the ceremonial, relaxation of the nictitating membrane, 
vertical nystagmus which at the height of the effect oscillates at a rate of 80/min, 
but later drops to about 30/min, and increased respiration up to 150/min, 
sometimes with panting. The pupillary reflex is present throughout. 

With smaller doses of banthine (300 »g) the main effect is usually only 
a decrease of motor activity and a tendency for the cat to lie down in a sleepy 
attitude, 

Atropine 

The effects of intraventricular injections of atropine vary somewhat according 
to dose. With smaller doses (up to about 150 pg) the main effect consists of an 
increased liveliness and restlessness, whereas with larger doses (200—300 yg) the 
condition is preceded by the following signs: yawning, licking, defaecation, some- 
times profuse salivation and vomiting, somewhat later a rise in the respiratory 
rate up to 200 with panting and gaping of the mouth. In this condition the cat 
lies in the cage, often fully relaxed, with all four paws outstretched; the eyes are 
open, the blink and pupillary reflexes are present and the condition resembles 
that of a panting cat lying in the sun in hot weather. When this stage wears off, 
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the increased liveliness becomes first apparent in clawing, pawing and kneading 
movements of the front paws, particularly when the cat is approached. 

The smaller doses do not produce the prodromal syndrome described, or 
only to a small degree, but the cat at once becomes increasingly more lively. 
This is particularly striking in a normally lazy cat. The cat no longer lies down 
but paces about in the cage with swift, smooth movements, rubbing its flanks 
against the sides of the cage. There are periods of incessant miaowing and loud 
calling. One cat, when put on the wire netting of the roof of the cage, lay down 
on its side and stretched and rubbed itself and gave the impression of thoroughly 
enjoying itself. Although the cats appear to be extremely affectionate and are 
lively, their appraisal of their surroundings is apparently impaired. For 
instance, when a hand is introduced into the cage, the cat often fails to take 
notice until touched, when it tries to rub itself against the hand. Further, the 
calling and miaowing has no connexion with any events in its surroundings. 
Characteristic of this condition are also clawing, pawing and kneading move- 
ments with its front paws. About 1~1} hr after the injections the effects wear 
off; the cats begin to doze intermittently, but become lively again as soon as 
they are disturbed. After about 3 hr, the cats appear to be normal. 

If atropine (50 xg) is injected intraventricularly into a cat which is stuporous 
through a previous injection of 10 ug acetylcholine, the cat becomes more 
lively; and similarly, an intraventricular injection of atropine gives some short- 
lasting, partial protection against a subsequent injection of 10 ug acetylcholine. 


D-Tubocurarine 

Although central actions of natural curare preparations with intravenous 
administration had been described long before its peripheral paralysing action 
had been discovered by Claude Bernard in 1857, they were later often over- 
looked, as pointed out by McIntyre (1947) who reviews the central actions of 
curare. The first observations with intracisternal injections were those of 
McGuigan (1916) on dogs. He observed the effects after the animals had come 
out of ether anaesthesia. There were tonic and clonic general convulsions, 
preceded by twitching of the head muscles, salivation, frothing at the mouth 
and snapping of the jaws, and whining and biting at its own hind legs; 
nystagmus and mydriasis were observed; death resulted from respiratory 
paralysis. More recently the effects of intracisternal and intraventricular 
injections of D-tubocurarine have been described in anaesthetized cats by 
Euler & Wahlund (1941) and, in more detail, by Salama & Wright (1950) who 
used a dose of 0:4 mg. They observed increased reflex excitability followed by 
convulsions and, in addition, there was a rise in arterial blood pressure, 
increased. respiration succeeded by depression, and secretion of salivary, 
lachrymal and bronchial glands. These results agree in general with our 


* ae 
a 
4 > 7 
bservati 
0 ations. 


INTRAVENTRICULAR INJECTIONS OF DRUGS 159 


The effect of a large dose (300 jg) is illustrated by description of the fol- 
lowing experiment. Immediately after the intraventricular injection the cat 
jumped from the table to the floor and then straight into its cage, where it 

started calling more and more noisily whilst moving about restlessly and 
r jerkily. In this condition the cat gave the impression of being confused 


and perhaps anxious. There was some resemblance to the condition seen after 
atropine. During the next few minutes the movements became wilder and 
the cat started moving about without avoiding obstacles. Finally the cat fell 
with legs and neck flexed, jerking in rapid, clonic movements, the condition 
) being that of a major (epileptic) convulsion which ended in a tonic phase. 
NS Within a few seconds the cat got up, ran for a few yards at high speed, and 

fell in another fit. The whole process was repeated several times within the 
next 10 min, during which the cat lost faeces and foamed at the mouth. When 
the cat was put back into its cage, it continued to have clonic-tonic seizures, 
particularly strongly of the front legs and head. There were clonic movements 
of the jaw; the pupils were maximally dilated during the whole time. The 


seizures were separated by short breaks of deep respiration which became 
slower and slower; the cat became cyanosed and eventually, about 35 min after 
the injection, respiration ceased and the cat could not be revived by rhythmic 
pressure on the thorax in an attempt to ventilate the animal artificially. 

In all the later experiments smaller doses (30 4g) were used; the effects 
3 varied in different cats. In one cat, slight clonic movements of the hind leg 
>? appeared 5 min after the injection; during this time the cat was unusually 
affectionate, rubbing itself continuously against almost anything. A little 
later, the legs became rather stiff, and 10 min after the injection a fit started, 
beginning on the side contralateral to the injection, with twitching of the ears 
and whiskers and clonic movements of the hind leg, and developing into con- 
vulsions of the whole body. The animal rolled over and over towards the left 
with legs flexed and the attack ended with a torsion seizure, head and neck 
rotating to the left. The cat was then lying on the floor apparently exhausted 
and dazed. A minute later it started getting up, calling loudly; the pupils were 
maximally dilated and the cat circled clockwise. A quarter of an hour after 
the injection, the cat seemed to have recovered, was affectionate and liked 
petting. It salivated and there were occasional licking movements; it defaecated 
with full ceremonial. During the following 2 hr, there were occasional, slow 
myoclonic jerks of the left hind leg, sometimes extending to the left front leg; 
when induced to walk, the cat did so in a limping fashion with the left hind leg 
half flexed, not touching the ground and jerking; there was also twitching of 
the left ear and the jaw. About 3 hr after the injection, the cat had recovered 
except that it seemed subdued and respiration was irregular and accelerated 
(about 120 per min). 

In another cat, 30 »g produced only occasional twitches of the contralateral 
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hind leg and ear. The main effect consisted in restlessness, strong salivation, 
dilated pupils, bouts of loud calling, increased respiration up to 200 per min 
with panting, vomiting and frequent defaecations sometimes with, some- 
times without, the full ceremonial. Usually the cat sat in a corner, apparently 
dazed and exhausted, with rapid respiration ; touching the cat and inducing it 
to move produced bouts of calling. 

The intraventricular injection of 5 yg usually produced either no visible 
effect or a slightly increased alertness: in one cat, however, it produced a series 
of general convulsions and most of the other features seen after larger doses of 
D-tubocurarine, but once only. 

The convulsions after the smaller doses of p-tubocurarine (30 ug) could be 
abolished by intraperitoneal sodium pentobarbitone in doses sufficient to 
produce full anaesthesia. 

An intraventricular injection of adrenaline, given before the p-tubocurarine, 
provided partial protection. In a cat in which 30 ug p-tubocurarine had 
produced a full fit 10 min after the injection, followed by partial fits during the 
following hours, the same dose of p-tubocurarine was injected a week later, 
30 min after an intraventricular injection of 50 wg adrenaline had produced 
a state of incomplete anaesthesia. No full fit developed; for about half an hour 
the cat remained in the ‘anaesthetized’ condition, then it vomited, and 
occasionally some myoclonic movements occurred in theleft hind leg. The cat was 
now fully reactive and the pupils were dilated. During the next hour myoclonic 
jerks occurred every 2-3 min, especially on handling the cat, and the contrac- 
tion, sometimes spread over the whole left side of the animal. Later the cat 
became somewhat restless and walked unsteadily round the room in a half 
crouching attitude, limping with its left hind leg and with clonic movements 
on both left legs and twitching of the left ear. At this time it started to call 
from time to time, but not loudly. The condition remained the same for over 
an hour. | 

If adrenaline was given after the p-tubocurarine during the convulsive state, 
it had less protective effect. Convulsions continued, but the cat seemed partly 
anaesthetized and no longer had bouts of calling and restlessness. It lay on its 
side, with laboured, irregular respiration at about 110/min and sometimes 
panting. The respiration showed the following features: every sixth or seventh 
inspiration was deep and was followed by an inspiration consisting of a number 


of vibratory movements. 


DISCUSSION 
The possibility of implanting a cannula permanently into the skull of the cat 
and of injecting drugs through it into the lateral ventricle in the following weeks 
or months, without the procedure of injection itself disturbing the animal, 
affords an opportunity to examine the pharmacological sensitivity of the 
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_ central regions of the brain lining the ventricular system. So far, we have only 


studied effects which can be readily observed without ancillary techniques, but 
to gain further insight into the mechanism of the changes observed and of the 
precise site of drug action, it will be necessary to combine the technique with 
electrical recordings from multiple electrodes implanted at different points of 
the brain. A combination of the two techniques will be particularly advan- 
tageous when drugs are studied that have pronounced peripheral actions as 
well, because if such drugs were injected into the general circulation, the 
electrical recordings would, of necessity, give a compound picture and it would 
not always be easy to assess how far the changes recorded resulted from central 
drug action or were initiated from the periphery. This difficulty does not arise 
when the drugs are injected into the lateral ventricle. | 

The effects observed on intraventricular injections can, without any doubt, 
be attributed to central effects of the drugs, and their leakage into the systemic 
circulation, if it occurred at all, can be excluded as being responsible to a signi- 
ficant extent for the signs observed. The amounts of drugs injected were 
relatively small and the blood-brain barrier would prevent their leakage into 
the systemic circulation. This was proved in the case of banthine in anaes- 
thetized cats. Similarly, much larger amounts of acetylcholine than those used 
in the present experiments could be injected through the implanted cannula 
in anaesthetized cats without producing a fall of arterial blood pressure 
(unpublished experiments). Further, Leimdorfer et al. (1947) have shown that 
16 hr after an intracisternal injection adrenaline is still detectable in the 
cerebrospinal fluid and that there is no evidence of its leakage into the general 
circulation during this period, and Bedford (1953) has shown that histamine 
injected in this way escapes into the circulation only through the needle track 
on removal of the needle, a possibility which is excluded in the experiments 
presented here. In addition, there was no evidence of the typical peripheral 
effects which are obtained with some of the drugs used when they are injected, 
even in small amounts, into the blood stream. For instance, instead of flaccid 
motor paralysis, curarine and decamethonium produced convulsions and 
spastic paresis respectively; instead of paralysis of parasympathetic nerve 
effects, atropine caused profuse salivation and did not affect the pupillary reflex. 

On the other hand, there are a number of observations showing that central 
effects like those observed on intraventricular injection can occur when the 
drug is given intravenously or by mouth. Central actions of curare similar to 
those here described have been reported on subcutaneous, intramuscular, 
intravenous or intra-aortic injections (Tillie, 1890; Joseph & Meltzer, 1912; 
Blume, 1934; Cohnberg, 1946), and poisoning by atropine produces, in man, 
a state of delirium and excitation which is, to some extent, a counterpart of 
the effects seen in the behaviour of the cat after intraventricular injection of 
this substance. It would be interesting to know whether a large output of 
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adrenaline and noradrenaline into the circulation can produce central effects 
like those seen in cats on intraventricular injection, and whether the state of 
‘exhaustion’ or ‘fatigue’ which follows strong emotional disturbances and 
other conditions associated with the sympatho-adrenaline discharge of Cannon’s 
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so-called emergency states can be reactions accounted for in this way. 


It is not surprising that pharmacologically widely different drugs, when 
applied to the same region of the central nervous system, should have a group 
of reactions in common. In Table 1 these common reactions, usually observed 


in the early stages of drug actions, and the drugs which produce them, are 
summarized. The reflex centres for these reactions are known to be situated 
in the floor of the fourth ventricle. They may be stimulated directly by diffu- 
sion of the drugs from the lateral to the fourth ventricle, or indirectly from 
more rostral regions by an action of the drugs on nerve cells lying near the 
lateral, or, more likely, near the third ventricle. Licking movements usually 
occurred very soon after injection of the drags, and after acetylcholine retching 
occurred within a few seconds, This makes. it less likely that these effects are due 
to diffusion into the fourth ventricle. The other effects, however, occur late 
enough to be explained in this way. There is somesupporting evidence for the view 
that the drugs may act from the third ventricle. When recording electrically 
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through multiple electrodes on the surface and within the brain of cats, Cooke & 
Sherwood (1953), using comparable doses of acetylcholine for intraventricular 
injections, found that the subsequent changes in the record commenced in the 
neighbourhood of the third ventricle before spreading to other parts of the brain. 

A number of drugs produced changes in behaviour varying between anaes- 
thesia, sleep, sleepiness, stupor and drowsiness. It is not always easy to 
differentiate between these conditions, particularly when they are associated 
with muscular weakness. With adrenaline and noradrenaline the condition 
was that of light general anaesthesia, but it is interesting that previous workers 
have used the terms sleep and anaesthesia apparently interchangeably when 
describing the central actions they obtained with large doses of adrenaline. In 
the case of 5-hydroxytryptamine, muscular weakness seemed to account for 
the observed change in behaviour. With histamine muscular weakness was 
even more pronounced and there was a tendency to doze, but there was no 
difficulty in distinguishing this condition from that produced by adrenaline, 
because the cat could be roused. In the case of ATP it was difficult to assess 
the relative importance of muscular weakness and of light anaesthesia. The 
condition produced by acetylcholine, on the other hand, was neither anaesthesia 
nor weakness, nor was it real sleep, but the cat appeared to be drowsy or 
stuporous and it was inaccessible; in addition, the immediate, sudden change in 
behaviour following the injection might well be equated with an akinetic 
seizure. 

We know through the work of Hess (1944) that a centre exists in the lateral 
part of the massa intermedia which lies immediately under the surface of the 
third ventricle and which, when stimulated electrically, produces a condition in- 
distinguishable from natural sleep. We know, further, that in man unconscious- 
ness results from disturbances in the diencephalon (Jefferson & Johnson, 1950; 
Brouwer, 1950; Penfield, 1952) and experimental lesions in animals in this 
region may produce various states of impaired reactivity (Ranson & Ingram, 
1932; Ingram & Ranson, 1934; Ranson, 1936; Bailey, 1948; French & Magoun, 
1952) resembling those we obtained with intraventricular injections. The 
different drugs may thus act either directly or indirectly upon these anatomi- 
cally localized regions. On the other hand, it is possible to produce pharmaco- 
logically, and apparently from the same or adjacent regions, the very opposite 
changes in behaviour: for instance, with atropine and to some extent with 
D-tubocurarine as well. 

The main effect of p-tubocurarine consisted in convulsive seizures resembling 
the grand mal of epilepsy. Atropine did not produce an effect of this kind, but 
it is known that atropine poisoning in man also leads to convulsions, showing 
that the central actions of both drugs have much in common. 

In the peripheral nervous system both atropine and D-tubocurarine are 
antagonists of acetylcholine released from cholinergic nerves, but the effector 

11-2 


: 
p 

7 
a 

a 

| | 

re | 
BC ’ 
ym | 
he 
ly 

te 4 
Ww 
y % 


164 W. FELDBERG AND SS. L. SHERWOOD 


structure on which this antagonistic action is most pronounced varies with the 
two drugs. The site of predilection for p-tubocurarine is the motor end-plate, 
which becomes insensitive to the depolarizing action of acetylcholine. If 
p-tubocurarine had a similar mode of action at the central synapse, the con- 
vulsions would have to be regarded as a kind of pharmacological release 
phenomenon. However, p-tubocurarine has apparently the reverse effect, 
resembling strychnine in its action on the central synapse, as shown by Eccles 
(1946). Soaking the frog’s spinal cord in curarine solutions caused spontaneous 
discharge. The atropine convulsions in man probably also result from stimu- 
lating or depolarizing effects on central synapses, but there is the possibility 
that atropine has, in addition, some central synaptic blocking action. Cooke 
& Sherwood (1953) have, in fact, found in cats after intraventricular injections 
of atropine a reduction of electrical activity recorded from electrodes in. the 
region of the massa intermedia. 

There is this pertinent problem: is the cat in a state of awareness during the 
p-tubocurarine convulsions? If not, the similarity with epilepsy would be com- 
plete. It is not possible to define the state of consciousness in a cat, but the 
following facts suggest that the cat is not aware of the convulsions. The cat 
does not modify its behaviour in response to external stimuli in the intervals 
between the seizures, nor in the early stages before the actual convulsions set 
in, when it may charge ahead blindly. Further, it never shows signs of resent- 
ment at subsequent injections but appears unafraid and makes no efforts to 
escape or attack when taken out of its cage and appronchd ith @ syringe. 
In this respect the cats behave entirely unlike the cats in earlie® preliminary 
experiments in which injections, sometimes of saline solution only, were made 
through the skin and a trephine hole, and the cats had to be restrained during 
the injections. In this connexion it is interesting to note that there are clinical 
observations on patients in which curare had produced general anaesthesia 
(Whitacre & Fisher, 1944, 1945; Griffith, 1945). It therefore appears likely 
that the periods of p-tubocurarine fits are covered by amnesia and thus 
correspond to epileptic seizures. 

Convulsions are not the only motor phenomena obtained on intraventricular 
injection of drugs. Muscular weakness has been mentioned; without analysis 
of this phenomenon, it cannot be stated at which level between brain and 
anterior horn cells the reduction of power takes place. A typical condition of 
muscular incoordination which may be the result of proprioceptor elimination 
occurred after banthine, and spastic paresis after decamethonium. 

The finding that we can change the general behaviour of the cat so greatly 
by drug action from this special area of the brain shows that we have here an 
as yet scarcely explored area of high pharmacological sensitivity, and raises the 
question about the occurrence in so many species of these ventricular spaces. 

It is interesting that we can elicit from this subcortical area not only conditions 
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resembling sleep and anaesthesia but also the pattern of epileptic seizures 
usually ascribed to the cortex. About the function of the cerebrospinal fluid 
we know as little as was known about blood circulation’at the time of Harvey’s 
discovery; Harvey did not know why the blood had to be pumped through the 
lungs and the tissues. We are in a similar position concerning the cerebro- 
spinal fluid: We know the channels of its circulation but not its function. The 
fact that the cerebrospinal fluid passes over this pharmacologically sensitive 
area suggests two possibilities as to how, under physiological and pathological 
conditions, active substances may act in the ventricular system. They may 
either be secreted by the choroid plexus or they may be formed locally through 
the ependyma, and may act not only in the immediate surroundings but also 
after conveyance by the cerebrospinal fluid to another sensitive area of the 
ventricular system, and may finally be washed away by venous drainage. In 
this connexion Bornstein’s explanation (1946) of the stuporous condition seen 
in cats after experimentally induced brain concussion must be mentioned. 
After the concussion, acetylcholine appeared in the cerebrospinal fluid and he 
attributed the stupor to the presence of this free acetylcholine in the ventri- 
cular system. 

The fact that, from the ventricular system, a variety of effects on the motor 
or sensory sides, or both, can be elicited with different drugs suggests that 
anatomical localization alone may not be sufficient for interpreting neural 
mechanisms and integration, but that consideration must be given to the 


pharmacological sensitivity and specificity of centrai synapses. 


SUMMARY 


A permanent cannula is implanted into the skull of the cat for subsequent 
injections of drugs into the lateral ventricle of the unanaesthetized animal. 
With a number of drugs recurrent patterns of reactions are obtained, such as 
retching, vomiting, salivation, swallowing and tachypnoea. There is, in addi- 
tion, a wide variety of changes in behaviour. On the one hand, drowsiness, 
sleep, stupor and anaesthesia, and on the other hand increased alertness are 
observed. Further motor effects such as weakness, incoordination, spastic 
paresis and convulsions are produced. 

1. Acetylcholine produces as immediate signs retching, high-pitched phona- 
tion and a state resembling an akinetic seizure, followed by a condition in which 
the cat is subdued and appears stuporous. 

2. Adrenaline and noradrenaline produce a condition resembling light sodium 
pentobarbitone anaesthesia, sometimes preceded by swallowing, retching and 
vomiting. 

3. The effects of 5-hydroxytryptamine are muscular weakness, tachypnoea 
and bursts of profuse salivation. 
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4. Adenosine triphosphate in part resembles adrenaline and 5-hydroxy- 
tryptamine in its effects, The muscular weakness is associated with ataxia. 
There is, in addition, flushing of the ears and paws and a tendency of the 
animal to fall asleep. Sodium pyrophosphate has no such effect, whereas 
adenosine has an action of this kind, but less pronounced. 

5. Histamine causes profound muscular weakness. There is, in addition, 
violent retching, defaecation, swallowing, salivation, lachrymation, nanyyeees 
and relaxation of the nictitating membrane. 

6. Hexamethonium produces muscular weakness with some ataxia but with- 
out signs of spasticity. There is also defaecation, retching vomiting, salivation 
and tachypnoea. 

7. Decamethonium brings about a condition of spasticity with twitching and 
trembling all over the body. In addition, defaecation, vomiting, salivation and 
tachypnoea occur. 

8. Banthine produces pronounced motor disability and inco-ordination. 
There is also defaecation, vomiting, salivation, relaxation of the mctiboting 
membrane and nystagmus. 

9. Atropine causes a condition of increased liveliness and restlessness, 
during which the cat paces about with swift, smooth movements, rubbing 
itself against any available object. The cat becomes unusually affectionate, 
but appraisal of its surroundings appears to be impaired. With larger doses, 
this state is preceded by defaecation, vomiting, salivation and tachypnoea. 

10. D-T'ubocurarine causes convulsions resembling major epileptic fits. The 
pupils are widely dilated. Before the convulsions set in and between individual 
fits there is a state of agitation with bouts of loud calling. There is also 
defaecation, vomiting, salivation and tachypnoea. 
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THE EFFECTS OF PYLORIC ANTRECTOMY ON THE 
SECRETORY RESPONSE OF HEIDENHAIN POUCHES 
IN DOGS TO CENTRAL VAGAL STIMULATION 
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From the Department of Physiology, Medical School, King’s College, 
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(Received 27 July 1953) 


In a previous paper (Burstall & Schofield, 1953) secretory responses of the 
Heidenhain gastric pouch to psychic stimulation and to insulin hypoglycaemia 
have been described and their possible mechanism discussed. The excitation 
could be conveyed from the vagal centres to the pouch by a few vagal fibres 
reaching it along the blood vessels of the greater curvature, or by gastrin 
released from the main stomach on vagal stimulation. The present paper 
describes experiments designed to differentiate between these possibilities by 
removal of the pyloric antrum, which is the main gastrin-producing area. 
Most of the work has been done with psychic stimulation by food showing or 
sham feeding. For the purposes of this paper sham feeding has been treated as 
a powerful form of psychic stimulation, the term ‘psychic’ being used in the 
same sense as in the ‘psychic’ or ‘cephalic’ phase of gastric secretion. It is 
of course recognized that sham feeding involves other than pure psychic stimuli. 
It wasshown previously that psychicstimulation, particularly when potentiated 
by a previous dose of a stable choline ester, was a more reliable stimulant than 
insulin hypoglycaemia, the response to which includes an inhibitory element 
(Burstall & Schofield, 1953). Of the last seven dogs investigated all have 
responded to psychic stimulation, but only three out of six to insulin hypo- 
glycaemia. 
METHODS 
The methods were those described in the previous paper (Burstall & Schofield, 1953), and only 
modified or new procedures are described here. Their essential feature is that even extremely small 
amounts of secretion are recovered from the pouch by washing it out continuously over successive 
15 min periods with 0-005 x-HCl and estimating the acid output by titration of the washings. 
Preparation and maintenance of animals 

Pyloric antrectomy. Under thiopentone-ether anaesthesia the pyloric antrum was removed from 
a point just distal to the pylorus to about 2 cm proximal to the incisura angularis (Fig. 1). This 
usually involved the removal of up to 2-5 cm of the distal end of the scar left when the original 
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Heidenhain pouch was made. The duodenal stump was closed and the continuity of the alimentary 
tract restored by an end-to-side anastomosis between the stomach remnant and thé descending 
part of the duodenum. Four of the five antrectomized animals were also cesophagostomized. The 
surgical procedures have already been described (Burstall & Schofield, 1953). 
Post-operative care. For the first 3 days the animals were given a fluid diet only. Afterwards they 


were fed their normal ration but divided for the first week into three meals daily and subsequently 


into two. The normal regime of one meal per day was resumed after 1 month. After antrectomy 
alone they remained in good health and gained weight. The combination of antrectomy and 
oesophagostomy introduced difficulties in maintenance. There was a tendency for stomach tents 
to be regurgitated after feeding, presumably owing to the reduced capacity of the 

Three of the four animals submitted to the combined procedure, dogs B4, J and G3 had the slit 
type of oesophagostomy described by Gregory (1950) and could be fed solid food. These all 
remained in good health, though two of them, B4 and G3, showed some weight loss. The remaining 


Fig. 1. Diagram of dog stomach. Line AB demarcates the portion used to prepare the 
Heidenhain pouch, and line CD that removed at pyloric antrectomy. 


This animal was more prone to regurgitation, possibly owing to the nature of the diet, and went 
downhill rapidly after antrectomy. It was destroyed 4 weeks after the operation. Dog B4 was 
also oesophagostomized before antrectomy. This animal was maintained for 4 months after the 
antrectomy in good health. 

To avoid the difficulties of prolonged maintenance of the combined preparation, the last two 
animals of the series, dogs J3 and G3 were oesophagostomized 4 months after the antrectomy. 
Both these animals had given excellent responses to the food showing procedure before antrectomy, 
and the intention was to apply by sham feeding a stringent test of the abolition of the psychic 
response produced by the operation. After approximately 6 weeks both these oesophagostomies 
were closed, in order to maintain these animals for an extended period to see if any return of the 
psychic response or restoration in size of the ‘Mechothane"* response occurred. Dog G3 had lost 
some weight during the oesophagostomy period and this was rapidly restored following closure. 

Extra care was required after oesophagostomy with antrectomy to protect the skin of the neck 
from damage by regurgitated food and secretion. Aluminium powder paste was effective for this 
purpose. Two animals developed appreciable skin reddening and excoriation. One was dog 82 
mentioned above, in which excessive regurgitation occurred, the other was J3, in which the skin 
seemed particularly sensitive to this type of damage. In these animals there was evidence of 
raised basal acid secretion and enhanced response to ‘Mechothane’ during this period. This is in 

* *Mechothane’, Savory and Moore: urethane of 8-methyl choline hydrochloride. 
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agreement with the observations of previous workers on the effect of skin irritation on gastric 
secretion (Babkin, 1950). Little reliance can be placed on the results from dog 82 in view of the 
poor condition of the animal, but in J 3 a comparison was made of the size of the post-antrectomy 
acid output to ‘Mechothane’ during the oesophagostomized period with that before and after. The 
results show a statistically significant enhancement. The mean response during the oesophagosto- 
mized period was for five experiments 2-6+40-5 ml. 0-1 n-HCl, while for twelve experiments, seven 
before and five after the oesophagostomized period, it was 1-1402 ml. 0:1 N-HCl (¢=2-68, 
0-02 >P >0-01). 
Additional procedures and drugs 

Irrigation of the pouch with local anaesthetics. It was considered possible that if the response 
were due to efferent parasympathetic fibres reaching the pouch mucosa it might be possible to 
block these by prolonged irrigation with solutions containing local anaesthetic drugs. These drugs 
abolish conduction in both afferent and efferent fibres, though higher concentrations may be 
required for the latter when they are of larger size. In the case of the vagus nerve, however, the 
small cardio-inhibitory efferent fibres are more readily blocked than the larger pulmonary afferents 
(Goodman & Gilman, 1941). Accordingly, procaine hydrochloride, and in two experiments 
amethocaine hydrochloride were added to the wash fluid. The crystalline salt was dissolved in 
distilled water and brought with 0-1 »-NaOH to pH 7-0 by glass electrode, Sufficient hydrochloric 
acid and distilled water were then added to give a final concentration of 0-5-4-0 % of the anaesthetic 
in 0-005 x-HCl. This solution was run into the pouch in the normal way and the samples titrated 
as usual. Control samples of the fluid containing local anaesthetic titrated before use showed 
similar free acid figures to normal wash fluid. Owing to the presence of buffering power above 
neutrality they tended to give high figures for total acid-and this was avoided by titration in these 
experiments to pH 7-0 instead of the usual 8-0. Amethocaine hydrochloride at the 2% level 
interfered more severely with the titration, and in the one experiment ied out with this 
concentration a different procedure was adopted. Control observations were using normal 
wash fluid. The pouch was then washed out with the local anaesthetic fluid for 2} hr but no 
samples from this period were titrated. Washing with the normal fluid was then resumed and 
a further group of observations made. 

Daily collections of gastric juice. All pouch dogs in the laboratory wear rubber bags in which the 
secretion is continuously collected (Schofield & Watson, 1950). Their daily output of juice is 
routinely determined on all days except those on which experiments are carried out, and these 
figures have been used to assess the effect of antrectomy on the volume of gastric secretion 
produced by their normal meals. Mean figures for comparable periods before and after antrectomy 
have been calculated. No figures from periods during which animals are oesophagostomized have 
been used for this purpose. 

Recrystallized insulin. In some experiments a sample of insulin purified by six times re- 
crystallization was used. This was obtained from Boots Lid. as a sterile solution containing 
20 units/ml., the same strength as the Boots standard insulin normally used. | 


TREATMENT OF RESULTS 


The acid responses encountered in this work are extremely small, and wiaitable 
methods for their analysis were fully described in the previous paper (Burstall 
& Schofield, 1953). Only essential features of the procedure are recapitulate. 
In each experiment the basal level expressed-in ml. 0-1 n-HCl/15 min was 
calculated as the mean of the total acid figures for three resting 15 min periods 
preceding the application of the stimulus. The difference was determined 
between this basal level and the mean total acid level over the three successive 
15 min periods which normally included the maximum acid response to the 
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appropriate stimulus. With the psychic stimulus these were the first, second 
and third periods after the start of the stimulus. In the insulin response they 
were the second, third and fourth periods after the injection. This figure is the 
mean output above basal level for the appropriate three periods, For each 
series of results an overall mean output based on at least three experiments 
was calculated and its significance determined by Student’s ¢ test (Fisher, 
1946). 

The minimum output acceptable as a positive response to a stimulus in 
a single experiment was defined as follows. During the first hour following the 
insulin injection or the start of the psychic stimulus the response must attain 
a total acid output of at least 0-15 ml. 0-1 n-HCl above the basal level in each 
of three successive 15 min periods, or in each of two successive 15 min periods 
it must attain an output of at least 0-20 ml. 0-1 N-HCl above the basal level. 

Mean response curves for total acid secretion to psychic stimulation before 
and after antrectomy were prepared by calculating for all experiments the 
mean output above basal level for each successive 15 min period after the 
start of the stimulus. Similar curves were prepared for pepsin secretion, save 
that pepsin outputs were expressed as a percentage change from the basal 
output calculated from three or four resting periods. aS 


RESULTS 
| Acid secretion | 

Psychic responses of antrectomized animals. It was shown previously 
(Burstall & Schofield, 1953) that psychic stimulation by food showing or sham 
feeding was a more reliable stimulus than insulin hypoglycaemia, and the 
present investigation has. been carried out primarily with this method of 
central excitation. Potentiation of the response by a previous dose of 0-25 mg 
‘Mechothane’ intravenously has been used as a routine procedure in all post- 
antrectomy experiments save for a few of the earlier ones on dogs T2 and B4. 
Five dogs which had previously responded well to psychic stimulation were 
antrectomized. In four out of five animals there was a complete absence of 

“ response after antrectomy. The positive responses in the fifth animal $2 are 
considered below. Table 1 shows the results of all the psychic stimulation 
experiments on these dogs before and after the operation. 

The most potent psychic stimulus is sham feeding, and save for dog T2, 
which was not oesophagostomized, all the animals were given post-antrectomy 
sham meals, Dogs B4 and S2 were oesophagostomized before antrectomy, 
and ail the post-antrectomy experiments were with sham feeding. Dogs J3 
and G3 were not oesophagostomized until about 4 months after the antrectomy. 
Two sham feeding experiments were carried out on the former and three on 
the latter, all with negative results. The oesophagostomies were then closed. 
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to facilitate prolonged maintenance of the animals. It is intended to investigate 
these two for a possible return of the psychic response. At the time of writing, 
9 months after antrectomy, there is no sign of this. Since, with the exception 
of dog 82, there was complete abolition of the psychic response after 
antrectomy, the results of the two types we stimulation have not been separated 
in the table. 


Taste 1. General classification of results 
Psychic etimulation Insulin stimulation® 
Before antrectomy After antrectomy Before antrectomy | After antrectomy 
Dog Total Positive Total Positive Total Positive Total Positive 


T2 8 6 4 0 9 9 2 2 
B4 13 10 12 0 3 3 5 0 
G3 8 7 12 0 Insulin negative 
J3 10 9 9 0 Insulin negative 
S2t 6 5 3 3 Insulin negative 


* Standard xperiments experiments after atropine not included. 


Dog 82 was destroyed shortly after antrectomy, since its condition 
deteriorated after the operation. At post-mortem it was found that the 
removal of the antrum had been incomplete. Figures from this dog have 
therefore been excluded from the analyses of post-antrectomy results. 


The condition of dog S2 has already been described in the section dealing with maintenance of 
animals. It was destroyed in the fourth week after antrectomy. No experiments are normally 
performed until at least 1 month after a major operation, but in this case as the condition of the 
animal seemed to be deteriorating three preliminary tests were carried out. These showed an 
enhanced response to ‘Mechothane’ and persistence of the sham-feeding response. Post-mortem 
examination showed that a portion of antral mucosa had been left attached to the duodenal 
stump. This had been invaginated at closure and now appeared as a congested polyp-like mass 
projecting into the duodenum, In this animal difficulty had been encountered in mobilizing the 
pylorus at the original operation. Woodward, Bigelow & Dragstedt (1950) have shown that even 
small amounts of unresected antral mucosa may have an appreciable effect on pouch secretion. 
There was reddening of the skin on the neck and upper chest in this animal as a result of the 
regurgitation of food and secretion which would enhance secretory responses (see Methods section). 
In view. of the incomplete entrectomy end the conditions described ebove, no usc has been made 
of the post-antrectomy results on this dog. 


In Table 2 the post-antrectomy responses to psychic stimulation on the four 
animals completely antrectomized have been assessed according to the methods 
previously described and compared statistically with those occurring before 
the operation. In each case there was a highly significant reduction. A pair 
of potentiated food-showing experiments before and after antrectomy are 
shown in Fig. 2. A mean post-antrectomy response curve has also been pre- 
pared based on thirty-seven experiments on the four dogs with complete 
antrectomy. In the upper half of Fig. 3 it is compared with the corresponding 
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curve for forty-five experiments on six pre-antrectomy dogs (which include 
the four) published previously (Burstall & Schofield, 1953). 
‘ Mechothane’ responses after antrectomy. The acid secreted in response to the 


Tas_e 2. Acid responses to psychic stimulation before and after pyloric antrectomy 


Before antrectomy After antrectomy 
Mean acid output " Mean acid output 
No. above basallevel No. above basal level Statistical comparison 
of over3periods(ml. of over3 periods (ml. - A 
expts. 0-1 n-HCI/15 min) expts. 0-1 »-HCl/15 min) t F Conclusion 
8 0-26 + 0-07 4 0-05 + 0-04 2-63 0-05>P>0-02 Significant reduction 
13 0-32 + 0-06 12 0-03 +.0-01 502 001>P 
reduction 
8 03240-0656 12 0-00 + 0-08 691 001>P 
uction 
10 0-40 + 0-04 9 0-01+40-01 812 Highly significant 
= 400 
300 © 
g 
0 
i 
3 
Shown food 
() 


Fig. 2, Two experiments on the same dog to show the response to psychic stimulation (a) before, 
and (b) after, pyloric antrectomy. Potentiation was used in each case and an appreciable 
reduction in acid and pepsin outputs to ‘Mechothane’ can be seen after antrectomy. ——, 
totc! acid; - ---- , free acid; ...... , pepsin. The horizontal fine interrupted line indicates 


the base-line of the pepsin scale. The same conventions and symbols are used in all the other 
diagrams illustrating results of single experiments. 
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standard dose of 0-25 mg ‘Mechothane’ was markedly reduced in the four 
animals completely antrectomized. In Table 3 the mean total acid output in 
response to this dose is compared for each dog before and after antrectomy. 
The reductions range from —48 to —83%. 

Histamine responses after antrectomy. To exclude the possibility of a general 
decline in the responsiveness of the pouch after antrectomy, a series of experi- 
ments was carried out with, histamine stimulation before and after antrectomy 


Post-antrectomy 
37 expts. 
| 4 dogs 
35 15 8 
30 expt. 
4 dogs 
11 
i i 
0 1 Hour 0 1 Hour 
Psychic Psychic 
stimulation. stimulation 


Fig. 3. Diagrams showing mean responses of acid and pepsin to psychic stimulation before and 
after pyloric antrectomy. The acid results are in the upper and the pepsin results in the lower 
half. Each heavy horizontal line represents the mean output over the period covered. Acid 
is expressed in absolute units, pepsin as percentage change from the resting level. The total 
number of experiments on which each curve is based is given at its end. Not all experiments 
continued for the same time and where the number of experiments in a given period is less 
than the total the actual number is indicated by an adjacent numeral. One 8.z. on either 
side of every mean is indicated by cross-hatching. 


on dogs J 3 and G3. The mean total acid output in response to a dose of 0-1 mg 
histamine acid phosphate injected subcutaneously in 1 ml. 0-9% (w/v) sodium 
chloride solution is shown in the lower part of Table 3. There is clearly no 
reduction in the histamine response. On the contrary, that in dog J3 is 
significantly enhanced. 

Daily output of gastric juice after antrectomy. The daily output of gastric juice 
was recorded on all dogs except on days when experiments were performed. 
Save when they were oesophagostomized the dogs were on a uniform diet 
before and after antrectomy. The mean volume for thirty daily collections, 
consecutive save for occasional interruptions due to experiments was deter- 
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mined before and after antrectomy in three dogs, T2, J3 and G3. The second 
series was commenced 4 weeks after the operation. The other animals were 
)  oesophagostomized for the whole period after antrectomy. The results in 
Table 4 show a significant decrease in each animal of about 50%, and there is 
surprisingly good agreement between the figures for the three animals. There 


has been ‘no sign of recovery of the response in dogs J3 and G3 which have 
been followed for 9 months after antrectomy. 


TABLE 3. Effects of pyloric antrectomy on acid secretion in response to ‘Mechothane’ and histamine 


Before After 
entroctomy 
No. Mean acid No. Mean acid Statistical comparison % change 
output (ml. of output (ml. - im mean 
Stimulus Dog expts. 0-ln-HCl) expts. 0-In-HCl) P Conclusion output 
thane’ T2 10 33402 3 10402 932 O001>P Highly significant -70 
0-25 mg i.v. reduction 
B4 6 33405 9 417402 2-77 002>P>0-01- Highly significant -48 
reduction 
G3 5 #2408 12 07401 461 001>P Highly significant - 83 
reduction 
J3 7 #1406 12 11402 457 001>P Highly significant -73 
, G3 4 28411 6 34408 044 07 >P>06 Increase not +21 
acid phos. significant 
Olmgsc. J3 56 25404 6 45404 352 001>P Increase +80 
Tae 4. Daily output of secretion (thirty results in each case) 
Volume (ml.) 
—— Statistical comparison 
Dog antrectomy antrectomy { P Conclusion in vol. 
15047 OOL>P Highly significant -48 
uction 
J3 10746 5642 77 OO1>P Highly significant 48 
ion 
T2 14749 8646 58  O01>P Highly significant -41 


Responses to insulin hypoglycaemia. The first dog to be antrectomized (T 2) 
» Was insulin positive, and though after antrectomy the psychic response was 
totally abolished, a large but modified positive response to hypoglycaemia 
produced by standard insulin persisted. The acid secretion rose slowly, reached 
a peak in the fourth 15 min period after insulin and then declined very slowly 
over about 3 hr. The animal had previously given an extended response in the 
procaine experiment in Fig. 6a. This unexpected result suggested that the 
| psychic and insulin responses might be produced by different mechanisms. It 
was thought possible that there might be a direct-acting stimulant in the 
insulin preparation, and it was decided to investigate the action of atropine on 


the response to hypoglycaemia. After doses of 2-6 mg of atropine sulphate | 
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a reduced secretion of acid persisted which rose and fell slowly as did all post- 
antrectomy insulin responses in this dog. Responses after antrectomy with 
and without previous atropine are illustrated in Fig. 4b and c. For comparison, 
the largest response before antrectomy on this dog is shown in Fig. 4a. 

It was intended next to test this animal with a highly purified sample of 
insulin, and a six times recrystallized preparation was obtained. Before the 
dog could be tested, however, it died suddenly from acute peritonitis arising 
from the torsion of an intestinal loop by adhesions. It had previously been in 
excellent health. 

Subsequently four dogs, B4, G3, J3 and R4, were tested with standard 
insulin. Only B4 and R4 were positive to this stimulation, and these were also 
tested with the recrystallized preparation. Both secreted some acid with the 
latter stimulus, but in only one of them, B4, did a satisfactory response 
reaching the positive level occur (Fig. 4d). A response to standard insulin 
occurring in this animal about the same time is shown in Fig. 4e. Even in this — 
animal the response to the recrystallized material did not remain positive but 
‘declined with repeated testing until it completely disappeared. Over the same 
period the responses to standard insulin and to psychic stimulation continued 
unimpaired. In Fig. 5 are shown the last two experiments performed on 
dog B4 before it was antrectomized, 3 months after those shown in Fig. 4d 
and e. There is no response to the recrystallized insulin, though a large response 
to sham feeding immediately preceded it (5a) and a large and somewhat drawn- 
out response to standard insulin was recorded 4 days later (56). The blood 
sugar curves of these two experiments are of very similar form. Dog R4 never 
gave a positive response with the recrystallized material. Neither would have 
been classed as insulin positive on the results with the recrystallized material. 
The collected results on these two animals are shown in Table 5. They show 
that the mean response to recrystallized insulin was in both cases significantly 
less than that to the standard preparation, though similar blood sugar 
depressions occurred in each case and the two series of experiments on each 
dog were carried out concurrently. 

When dog B4 was given standard insulin after atropine there was the 
suggestion of a long-drawn-out elevation of the acid level (Fig. 4g). It was not 
seen with the recrystallized preparation after atropine even in an experiment 
(Fig. 4f) carried out 2 days after the significant response to this material shown 
in Fig. 4d. After antrectomy dog B4 never gave a positive response to 
standard insulin (see Table 1). Five experiments were carried out. Three were 
completely negative, as Fig. 4h, but the last two also showed a very small 
long-drawn-out secretion which failed to reach the positive level, Fig. 41. 
Both this and the pre-antrectomy response after atropine, though they are 
well below the levels required for significance, show some resemblance to 
the long-drawn-out post-antrectomy response of dog T2. Dog R4 was not 
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antrectomized. No acid secretion whatever was recorded when the re- 
| crystallized insulin was given in the antrectomized animals. 

The fact that hypoglycaemia is a considerably weaker stimulant when 
induced by highly purified insulin than when produced by the standard 
preparation suggests that with the latter material there is another stimulant 
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Fig. 4. Collection of individual results to show responses, before and after pyloric antrectomy, 
with standard and recrystallized insulin. Total acid figures only are shown. (a-c), dog T2; 
(d-4), dog B4; (j) and (k), dog J3. 8.L, standard insulin; R.L., recrystallized insulin; Atr., 
atropine. 
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mechanism. To take the simplest view, this may be an impurity having a direct 
stimulant action on the pouch. This explanation could also account for the 
occurrence of small responses to the standard preparation alone after 
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Fig. 5. Two experiments on dog B4 carried out 3 months after those in 4d and e. In (a) there is no 
response to recrystallized insulin (R.I.), though a large response to sham feeding immediately 

preceded it. In (6), 4 days later, there is a large and somewhat drawn-out response to standard 
insulin (8.1.). @, blood sugar values. The horizontal heavy interrupted line indicates the 
critical blood sugar level of 50 mg %. The blood sugar curves of these experiments are of | 
very similar form. 


TaBiz 5. Comparison of responses to standard and recrystallized insulin 


Standard insulin Recrystallized insulin 
ee Mean acid out- Mean acid out- 
above 

sugar min. 0-1 
Dog (mg %) Total Pos. min) Total Pos. min.) t P Conclusion 
B4 3334009 3 3 0274002 206428 6 1 0094005 359 001>P Highly signifi- 

R4 336418 5 4 0314000 300i42 3 0 0084002 257 005>P>002 ificant 


antrectomy and after atropine. The large responses after antrectomy found 
only in one dog, T2, are difficult to explain but might be accounted for as 
follows. 

(1) This dog might have been particularly sensitive to the direct stimulant. Though its responses 
to insulin were very variable, it was much the most sensitive animal to this stimulus of the whole 
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series, though not the most sensitive to psychic stimulation. Before antrectomy it had given on 
two occasions a response larger than those obtained afterwards. 

(2) Variations might occur in the amount of direct acting stimulant in the insulin preparations, 
and experiments were carried out on other dogs to investigate this with material from several 
different batches. A few suggestive results were obtained, but nothing convincing, since in any 
case there is @ wide variation in the insulin responses with the sample in the same dog. 

(3) The sensitivity of the pouch to the direct stimulant might have been raised after antrectomy. 
This is pure speculation since no histamine series was carried out on dog T 2, but in the two animals 
which were given histamine before and after antrectomy there was some enhancement of the 
response, in one case to the highly significant increase of + 80%. It is interesting that this dog J3, 
which was completely negative to both forms of insulin before antrectomy, showed after antrectomy 
on both occasions on which it was tested a tiny long-drawn-out elevation of acid secretion with 


standard insulin (Fig. 4). No sign of this occurred with the recrystallized preparation (Fig. 4). 


Effect of local anaesthetics on psychic and insulin responses. The effect of 
irrigation of the pouch for long periods with wash fluids containing local 
anaesthetics has been investigated. A preliminary control experiment with 
dog T2 showed that the acid response to 0-25 mg ‘Mechothane’ intravenously 
after 2} hr irrigation with 1%, procaine hydrochloride was only reduced by 
3% compared with a similar response just before the irrigation commenced. 
In the first subsequent experiment a response to insulin failed to appear after 
2 hr irrigation with this solution, but in further experiments both psychic 
and insulin responses were observed in spite of the procaine concentration 
being raised up to 4%. One of these experiments is illustrated (Fig. 6a). In 
view of the poor mucosal penetrant properties of procaine, amethocaine was 
tried. In an experiment with $% amethocaine hydrochloride, the ‘Mecho- 
thane’ response after 1} hr irrigation was enhanced and a subsequent food- 
showing response came through strongly (Fig. 66). When the amethocaine 
level was raised to 2%, the food showing response was abolished, but the 
‘Mechothane’ response was almost abolished too. No further experiments 
with this procedure were carried out. 

Pepsin secretion 

Resting pepsin secretion after antrectomy. Basal pepsin outputs were 
calculated from three or, where possible, four resting periods at the start of 
experiments. Mean basal outputs for each dog have been calculated before 
and after antrectomy. There is a wide scatter in the results of each dog and 
considerable variation in level between dogs. After antrectomy the basal 
output was significantly reduced in one dog, T2, but not in the other three. 
One animal, G3, showed an increase, but not to a significant level. The results 
are shown in Table 6. 

Psychic response after antrectomy. In common with the acid, the pepsin 
output in response to sham feeding was abolished. The results are presented 
as @ mean response curve for thirty experiments on the four completely 
antrectomized dogs. The curve is compared with the corresponding — 
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thirty-two experiments on five dogs pre-antrectomy, in which the four are 
included (Fig. 3, lower half). 


(a) Dog T2 
E 
z 
3 
Fig. 6. Two experiments in which the pouch was irrigated with solutions of local anaesthetics. 
(a) Irrigation throughout with wash fluid containing 1% procain HCl. Persistence of psychic 
and insulin responses. (b) Irrigation with wash fluid containing 0-5% amethocaine HCl 
began after 2hr. Subsequently acid response to ‘Mechothane’ enhanced and response to 
psychic stimulation persisted. Blood sugar values indicated as in Fig. 5. 
TaB_e 6, Effect of pyloric antrectomy on the basal secretion of pepsin 
Before antrectomy After antrectomy 
No. of (Hunt No. of (Hunt 
Dog oxpts. units/hr) expte. units/br) t P Conclusion 
T2 22 348 + 28 7 140437 448 001>P Highly significant 
reduction 
B4 11 113+35 8 88+ 24 0-59 06 >P>05 Reduction not 
significant 
G3 15 252+ 49 22 391453 193 Ol >P>0-05 Increase not 
significant 
J3 15 332 + 23 20 


290 + 33 105 04 >P>03 Reduction not 
significant 


Pepsin responses to ‘ Mechothane’ after antrectomy. The effect of antrectomy 


on the pepsin response to ‘Mechothane’ varied among the four dogs. The mean 
results are shown in Table 7. In two dogs there was a significant reduction 
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and in two there was not. The corresponding figures for reduction in the acid 
response are shown alongside them. The two dogs which showed no pepsin 
reduction, B4 and G3, both showed considerable acid reductions, that in G3 
being the largest of all. | 


TABLE 7. Effects of pyloric antrectomy on pepsin secretion in response to ‘Mechothane’ (0-25 mg i.v.) 


Before antrectomy After antrectomy 


% change in 

Mean pepsin Mean pepsin Statistical comparison mean output 

No. of output No. of output A 

expts. (Hunt unite) expts. (Hunt units) ¢ P Conclusion Pepsin Acid 

7 11484105 8 6104 36 467 001>P Highly significant -47 -70 

6 645+ 49 6 6774103 0-28 08 >P>0-7 No change + 5 - 48 

5 705 + 136 12 618+ 66 058 06 >P>0-5 Noc -12 — 83 

7 7894111 10 408+ 48 315 001>P t +4 ~73 


Highly 
reduction 


Effect of insulin hypoglycaemia on pepsin secretion after antrectomy. The same — 


depressant effect on pepsin secretion was produced after antrectomy as 
previously reported in unantrectomized animals. The effects of standard and 
recrystallized insulin were similar. 


DISCUSSION 


For reasons which have been previously discussed (Burstall & Schofield, 1953) 
it was at first thought that a small direct parasympathetic innervation of the 
pouch was the most likely explanation of the responses to central vagal 
stimulation which had been observed. The small series of experiments with 
local anaesthetics was the first carried out to investigate this possibility. It 
was realized that the pouch-washing method in use was ideally suited for 
prolonged irrigation of the mucosa with local anaesthetic solutions in order to 
block efferent secretory fibres reaching it. If the response to central vagal 
stimulation had been abolished by this procedure but the response to a direct 
stimulus such as ‘Mechothane’ or histamine been unaffected by a similar or 
longer period of irrigation, this would have been good evidence of the response 
being dependent on such fibres. The failure in practice of the local anaesthetic 
to abolish the secretion was merely consistent with the alternative explanation 
of the response, that it was mediated by the gastrin mechanism. In view of 
the variability of the insulin response, no significance is attached to its 
abolition on one occasion. It was then decided to carry out an investigation 
of the effect of antrectomy on the response. Its persistence in these circum- 
stances would be very strong evidence for the direct innervation hypothesis, 
since the principal source of gastrin would have been removed. Its abolition, 
also, would be good evidence for the gastrin hypothesis. It was intended to 
rely primarily on the psychic stimulus, and carry out only corroborative 
experiments with insulin. 
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Further difficulties, however, were encountered with the insulin procedure. 
It had been previously pointed out (Burstall & Schofield, 1953) that need for 
an injected stimulant was a serious disadvantage, since, at the very low 
secretion rates observed in this work there is no adequate control of the 
possibility of a direct peripheral action of the hormone or some contained 
impurity. Evidence suggestive of such an impurity has now been obtained. 
Highly purified insulin has been shown in two animals to be a less effective 
stimulant to the Heidenhain pouch than the standard preparation in doses 
producing similar blood sugar depression. Both these animals, though clearly 
positive to standard insulin, would have been classed as negative on their 
results with the highly purified material. 

It appears therefore that the insulin response of the Heidenhain pouch may 
depend on three separate factors, two stimulant, one vagal and one possibly 
direct, and the inhibitory influence of hypoglycaemia. This complex origin may 
account for its great variability. In view of the very small total size of the. 
response it is almost impossible to determine which factor may be of pre- 
dominant importance, but the above results suggest that a direct factor may 
play an important part in the ordinary insulin response. On the other hand, 
in the concentrations present it can hardly be a very powerful stimulant even 
allowing for the inhibitory influence, for out of eleven Heidenhain pouches 
tested only five have given consistent positive responses to standard insulin. 

It is admitted that the delayed, long-drawn-out acid secretion produced by 
standard insulin in some animals after antrectomy and after atropine is not of 
the form expected to result from the uncomplicated action of a single intra- 
venous dose of a direct stimulant. No explanation of this can be given and 
the minute size of these responses, save in the isolated case of dog T 2, makes 
it unlikely that much more information will be obtained by the ‘present 
methods. Porter, Longmire & French (1953) have recently postulated a 
posterior hypothalamus—pituitary—adrenocortical system pathway by which 
a delayed acid secretion reaching a peak in 24-3 hr and lasting up to 5 hr is 
produced by the insulin hypoglycaemia stimulus. The present delayed 
responses reached their peaks in 1-14 hr and declined in 2-4 hr, but this and 
their very small size might possibly be accounted for by species differences 
and by the use of different preparations. Porter et al. (1953) appear to have 
recorded the delayed responses from vagotomized whole stomachs in monkeys. 
The presence of a synergistic stimulant impurity in the standard insulin could 
account for the fact that these delayed responses in the present work were 
only observed with this preparation. If the above mechanism can be con- 
firmed a further complication is added to the already complex mechanism 
suggested above for the insulin response of the Heidenhain pouch. In the cir- 
cumstances it seems that there is little advantage in the use of insulin hypo- 
glycaemia as a differentiating stimulus in investigations of the present type. 
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In contrast to the rather unsatisfactory state of the insulin experiments the 
results obtained from the psychic stimulation experiments have been unequi- 
vocal and strongly support the gastrin hypothesis. The five dogs which were 
antrectomized all gave clear-cut and consistent responses to psychic stimula- 
tion before the operation. Afterwards these were completely abolished in four 
of the animals. In the fifth, in which they persisted, the antrectomy was found 
to have been incomplete, but it must be remembered that the condition of this 
animal at the time was poor, and its responses may have been enhanced owing 
to the presence of skin damage round the oesophagostomy. Three of the four 
were tested after antrectomy by sham feeding, which is the most effective 
stimulant to the vagal nuclei so far employed, without the slightest trace of 
a response being produced. Two of them have been followed now for over 
9 months without any sign of its return. A general depression in the excitability 
of the pouches following antrectomy has been excluded by investigating in 
two of them the response to histamine before and after the operation. In 
neither case was there any reduction and in one case the response was signifi- 
cantly enhanced. Langlois & Grossman (1950) and Woodward & Dragstedt 
(1953) investigated the effect of antrectomy on the response of the Heidenhain 
pouch to histamine and also found no reduction. 

The view that the pyloric antrum is concerned in the acid response to vagal 
stimulation, initiated by Straaten (1933), was strongly supported by the work 
of Uvniis (1942). His interpretation, however, was not confirmed by Babkin & 
Schachter (1944). Since then a good deal of supporting evidence has accumu- 
lated which was discussed in the previous paper (Burstall & Schofield, 1953). 
If the release of gastrin from the antrum forms an important physiological 
mediator of the vagal secretory influence, however, it is surprising that the 
response of the Heidenhain pouch to vagal stimulation is so very small. This 
may be accounted for by the hypothesis that gastrin released by vagal 
stimulation normally acts synergistically with the direct vagal innervation to 
the parietal cell and in its absénce produces only a minimal effect. Uvnas 
(1942) first put forward the idea of synergistic action between gastrin and the 
direct vagal innervation, and even Babkin & Schachter (1944) were prepared 
to concede that the vagus might release gastrin as well as acetylcholine during 
the complex process of acid secretion. Both Linde (1950) and Lim & Mozer 
(1951) suggested that the amount of gastrin released from the antrum during 
vagal stimulation may be subthreshold for the parietal cells of the Heidenhain 
pouch when their function is tested by normal methods. This might be 
because the quantity concerned is extremely small, or because of the absence 
of a synergistic effect from the direct innervation, or because of an unbalanced 
influence exerted by the intact sympathetic innervation of the pouch. . 

It must be emphasized that although these results with psychic stimulation 
strongly support the gastrin release hypothesis they do not exclude the possi- 
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bility that the Heidenhain pouch does receive directly a few vagal fibres. As 
was previously pointed out (Burstall & Schofield, 1953), there is anatomical 
evidence for this possibility and the two hypotheses are not mutually exclusive. 
The few observations on the effect of antrectomy on the insulin response are 
equivocal, but for the reasons given already it is felt that little significance 
should be attached to these results. Whether, along with the antral mechanism, 
vagal fibres play a part in the acid responses which have been observed is a 
matter for speculation, but it seems clear that the psychic responses do not 
take place in the absence of the hormonal influence. No conclusion at this 
stage can be drawn from the abolition after antrectomy of the pepsin response 
to psychic stimulation, since its mechanism is uncertain (Burstall & Schofield, 
1953). 

The reduction in the volume of secretion in response to the animal’s 
daily meal observed after antrectomy in the present work agrees with the 
recent observations of Woodward et al. (1950) who reported a reduction of 
84% in a true Heidenhain pouch and 81 % in insulin negative Pavlov pouches. 
It is at variance with those of Grindlay (1941) who found no change in volume 
or acidity in the meal secretion of Heidenhain pouches after pylorectomy. The 
reductions in the present series of approximately 50° in the three dogs were 
very consistent. The discrepancy between these figures and those of Woodward 
et al. (1950) is not surprising since the meal secretion remaining after 
antrectomy is likely to depend on a number of factors such as the diet and 
the size and placing of the gastro-duodenal ostium which may influence the 
rate of passage of the food through the stomach remnant and upper small 
intestine. There has been no sign of recovery of the meal response in the two 
_ animals followed for9 months. Recently, Woodward & Dragstedt (1953) have 
reported no recovery in a prolonged study extending in the case of one animal 
over 5 years. 

The reductions in the acid response to ‘Mechothane’ observed in the present 
study are in agreement with the observations of Langlois & Grossman (1950), 
and support their conclusion that the greater part of the acid response to this 
drug is mediated by the gastrin mechanism. The effect of antrectomy on the 
pepsin response to ‘Mechothane’ varied among the four completely antrecto- 
mized dogs. Since some reduction in pepsin output might be expected to occur 
as a direct consequence of the reduction in acid secretion, it seems reasonable 
to place most stress on the results in the two animals in which there was no 
fall in pepsin output. Both these animals showed significant reductions in acid 
secretion, one having the largest of the series, —83°%. In the two animals in 
which significant reductions of pepsin output did occur, these were less than 
the corresponding figures for acid. These results therefore do not support the 
possibility that the pepsin response to ‘Mechothane’ is also me mediated 
by a hormone released from the pyloric antrum. 
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SUMMARY 


1, Experiments have been carried out to determine whether the response 
of the Heidenhain pouch to central vagal stimulation is mediated by direct 
vagal innervation of the pouch or by release of gastrin from the pyloric antrum. 
A potentiated psychic stimulus, previously shown to be more reliable than 
insulin hypoglycaemia, has been principally used. 

2. In preliminary observations the response was not abolished by irrigation 
of the pouch with local anaesthetic solutions. This is consistent with the gastrin 
hypothesis. 

3. In four out of five dogs the response to psychic stimulation was com- 
pletely abolished by pyloric antrectomy. The response to histamine was not 
reduced, which excludes a general decline in the excitability of the pouch. 
These results strongly support the gastrin hypothesis, but the possibility of 
a contributory effect from direct vagal innervation has not been excluded. _ 

4. In two Heidenhain pouch dogs hypoglycaemia was a considerably 
weaker stimulant when induced by highly purified insulin than when produced 
by the standard preparation. It is suggested that the presence in the latter of 
a stimulant impurity might account for this. 

5. Two insulin positive dogs were antrectomized. In one the response was 
abolished and in the other a modified response persisted which was reduced 
but not abolished by atropine. Factors concerned in the insulin response are 
discussed, and in view of its complex origin it is suggested that little stress 
should be laid on these results. : 

6. In the four completely antrectomized dogs the acid response to ‘Mecho- 
thane’ was reduced by 48-83%, which is in agreement with the view that this 
response is largely mediated by the gastrin mechanism. The lack of a reduction 
in pepsin output in two of the animals does not support the possibility that 
the pepsin response to this drug is similarly brought about by a hormone from 
the pyloric antrum. 

7. The daily volume of juice secreted by the pouches was approximately 
halved after antrectomy. This reduction has persisted in two animals for over 
9 months. The resting output of pepsin was significantly reduced in one out of 
four dogs. 
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THE REACTION TIME TO TOUCH 


By P. P. LELE,* D. C. SINCLAIR axp G. WEDDELL 
From the Department of Anatomy, University of Oxford 


(Received 30 July 1953) 


The interval which elapses between the application of a stimulus to the skin 
and its perception cannot be directly measured. If, however, the subject reacts 
in a predetermined manner when the stimulus is perceived, the interval 
between the application of the stimulus and the objective response can be 
measured, and is called the reaction time. In the past, reaction-time figures 
have been used, after allowing for the time taken to traverse the motor 
pathway, to estimate the time taken by the impulses aroused by various types 
of stimuli to reach consciousness (Monje, 1934). This figure has in turn been 
used, after making allowances for synaptic delays, to derive conduction 
velocities for various modalities of sensation along the nerve fibres. However, 
ever since the early studies of Wundt (1874) investigators have stressed the 
difficulty of obtaining reliable figures. Thus Michon (1939) stated that no 
results are comparable unless the techniques are identical. The present paper 
attempts to elucidate some of the factors involved in the measurement of 
reaction time to touch in normal subjects. 


EXPERIMENTAL METHODS 
Stimulus actuator 


"The stimuli were pieces of nylon suture material mounted on a metal rod 16 cm long (Sinclair, 


1948; Sinclair & Hinshaw, 1951a). Each thread was 2-5 cm long, and six different thicknesses 
were used, the diameters increasing as shown in Table 1. The metal rod was mounted on a simple 
system of levers (Fig. 1), which could be adjusted to deliver punctate stimuli, normal to the plane 
of the skin area under test. The permitted amount of bending of the thread produced a shortening 
of about 1 mm in the perpendicular distance between the ends of the thread, or about 4% of the 
total length of the thread; the thrust exerted was therefore approximately the same for successive 
stimuli with the same thread, provided the speed of application was kept constant (Boberg-Ans, 
1952). For each series of measurements the subject sat with the limb in a comfortable position 
and the test area suitably supported. The stimulus actuator was then adjusted using a lens so 
that the electrical contact (Fig. 1, g) synchronized with the contact of the tip of the nylon thread 
with the skin, The interval between two successive stimuli was deliberately varied, but was 
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always between 5 and 15 sec. Variations in the standard testing procedure, which were designed 
to investigate specific points, will be described later. 

To check the consistency of the apparatus, which in all experiments was used by the same 
person, & series of stimuli were applied with it to the crystal of a pressure transducer, the output 
of which was recorded photographically from the screeen of a cathode-ray tube. Variations in the 
force exerted by successive stimuli did not exceed +5% and were found to be randomly distri- 
buted; moreover, there was no significant difference in the mean force of several runs of ten 
successive stimuli. 

1. Nylon testing-threads 


Diameter in mm, 
mean of 
Thread no. _five readings Diam.‘ x 100* 
1 0-15 0-051 
2 0-20 0-160 
3 0-21 0-195 
4 0-29 0-707 
5 0-34 1-336 
6 0-37 1-874 


Fig. 1. The stimulus actuator. When the lever a is pushed down, the rod 6, supported by two 
screws forming a fulcrum at c, moves upwards, thus causing the metal rod d, carrying the 
nylon thread, to move downwards. The extent of the downward movement of the nylon 
thread can be adjusted by the screw-stop e. The steel-spring f exerts a continuous downward 
pressure on the rod 6 and brings it back to the normal resting position as soon as the pressure 
on the lever a is released. The strip of copper g, insulated from the rest of the apparatus, 
makes a contact with the metal rod d. The contact between g and d can be synchronized 
with the contact between the skin and the end of the nylon by turning the knurled screw h. 
The lever a, the screw-stop ¢ and the body of the copper contact g are covered with felt. 
This effectively dampened both sound and vibration. Leads taken from g and from i are 
connected to one pen of the pen-recorder unit. The instrument is mounted so that its position 
can be adjusted to allow the nylon thread to deliver a vertical punctate stimulus when the 
lever a is depressed. 

Recording 

The electrical contacts on the stimulus actuator and the key pressed by the subject on percep- 
tion of the stimulus were connected to a high-grade multi-channel pen-recorder unit. Measure- 
ments of the distance between the “make” pulses, due to the stimulus and the reaction, were made 
by means of a travelling microscope. The reaction times calculated from these measurements are 
given in our tables to the second place of decimals, although the third place was used in actual 
calculations. 

Testing conditions 

Twenty-five healthy adult subjects (eighteen male and seven female) were used. With one 
exception, the subjects had little or no experience of sensory testing experiments. The skin site 
used in most investigations was the palmar aspect of the distal phalanx of the left little finger, 
upon which a circle 1 cm in diameter was stamped with ink (Sinclair & Hinshaw, 1950a). Other 
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skin areas similarly marked were used in specific experiments to be described later. The pro- 
cedure was explained to each subject, and he was instructed to operate the key with his disengaged 
hand as soon as he was aware that he had been touched on the test area. He sat with his eyes shut 
and was asked to report immediately if his attention wandered or if he felt that he had fumbled or 
was otherwise conscious of having failed to respond properly; such readings were discarded in 
the calculations. A trial run of ten stimuli preceded each experiment. 

The usual number of stimuli in an experimental ‘run’ was ten; if the subject reported that he 
had failed to respond properly, the total number was increased to give ten unchallenged results. 
When comparisons were made between two forms of stimulus or two skin sites the two ‘runs’ 
were taken at the same sitting, and the order in which they were applied was randomized, one 
being taken first in half the subjects, and the other first in the remaining half. 

No sound-proof room was available, but every effort was made to have the laboratory as quiet 
as possible and to do the work at times when outside distractions were at a minimum. The 
recording apparatus made a characteristic sound which did not vary, so that any slight noise 
made by the stimulus actuator could not be heard by the subject. If the subject showed signs 
of fatigue, the experiment was immediately discontinued. Most experiments lasted about 10 min, 
during which two runs of ten stimuli were applied with a rest in between. In one set of experi- 
ments designed to compare the values given by the six different nylon threads the total time 
taken was about forty minutes during which six runs of ten stimuli each were applied with rests 


in between. 
| 
The test normally used to compare different experimental runs was the ‘t’ test on log. reaction 
times. The level of probability selected as ‘significant’ was a value of P <0-05. 


OBSERVATIONS 
Reaction time in relation to the subject 
At the outset it was found that the individual results were widely scattered 
and this feature was common to all our investigations. An estimate of the 


Tass 2. Individual variation; finger; no. 5 thread 


Subject (sec) deviation 
DS. 0-21 0-02 
J.G. 0-21 0-04 
EH. 0-22 0-03 
L.P. 0-22 0-02 
R.W. 0-27 0-05 
0-29 0-09 
B.B. 0-29 0-03 
H.D. 0-29 0-04 
H.T. 0-32 0-07 
M.B. 0-40 0-06 


Grand mean 0-27 
The means are derived from ten stimulations. 


extent of this variation is given in Table 2, which shows the results of 
stimulating ten subjects tep times each on the finger area by the number 5 
nylon stimulus. There was a considerable and statistically significant variation 
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between the mean reaction times of different subjects, the range being 
from 0-21 to 0-40 sec; similar wide variations were subsequently observed in 
the same subjects when other stimuli were used (Tables 6-9) or other sites 
stimulated (Tables 11 and 12). The scatter of successive results in the same 
subject is reflected in the high standard deviations in Table 2; these remained 
high in most subjects throughout the investigations, but have been omitted 
from most of the subsequent tables for the sake of conciseness. 


Reproducibility 

The finger areas of two subjects were tested by runs of ten stimuli from both 
nos. 1 and 5 nylon threads on three occasions at irregular intervals, Table 3 
shows a very considerable variation in the mean values, the difference between 
those obtained on different days being highly significant statistically. It is also 
clear that the figures for nos. 5 and 1 nylon stimuli appear to vary independently 
of each other. There is even an occasion on which the mean reaction time — 
for no. 5 nylon stimulus is greater (though not significantly so) than the mean 
reaction time for no. 1 stimulus; however, it is important to note that this result 
differs from the findings in respect of stimulus intensity set out in Table 6. 


Tastz 3. Reproducibility of reaction time; finger 


Stimulus 
No. 1 nylon No. 5 nylon 
Subject ‘Date (a) (b) (a~6) 

L.P. 18. vii. 52 0-27 0-22 0-06 

7. viii, 52 0-22 0-20 0-02 

11. viii. 52 0-28 0-22 0-06 

JI.M.G. 22. vii. 52 0-32 0-35 — 0-03 

31. vii. 52 0-36 0-24 0-12 

9, viii, 52 0-48 0-23 0-25 

The figures represent mean reaction times in seconds derived from ten stimuli on each occasion. 
Effect of training 


The number of subjects and experiments is too small for any firm conclusion 
on the effect of training to be reached, but the possible effects of training 
had to be considered in the design and analysis of the experiments. Table 4 
shows an analysis of the results of stimulation with a no. 1 stimulus in five 
subjects who were used for both the first and the last experiment (11 weeks 
later), both of which involved this stimulus. Neither the first nor the last 
experiment was conducted on the same day for all the subjects. In every case 
the mean of the last experimental run is less than the mean of the first, and in 
all but one subject, this difference is statistically significant. The degree of 
improvement is not correlated with the amount of intervening practice. The 
other comparisons reported in this paper were always made at the same sitting 
and were thus not subject to any training effect of a non-specific kind. To 
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eliminate the possibility that a specific training effect might exist for certain 
types of stimulus and not for others, the various experiments were distributed 


among the twenty-five available subjects so that none had the opportunity of 
becoming more familiar with one stimulus than with another. 


Ist expt. with intervening and last expt. Last expt. with Significance 
no. 1 nylon; reaction-time with no. difference 
Subject reactiontime expts. nylon (weeks) reactiontime Ist and last expts. 


DS. 0-27 I ll 0-23 P <0-05 
0-27 4 il 0-26 
0-36 1 ll 0-31 P<0-001 
J.M.G. 0-36 4 11 020 P<0-05 
J.G. 0-39 1 il 0-24 P<0-001 


The reaction times are means derived from ten stimuli. 


Reaction time in relation to the stimulus 

Stimulus actuator 

The reaction time to a no. 3 stimulus on the finger was measured in three 
subjects, using the hand-operated stimulus actuator and a pulse-operated 
electro-mechanical stimulus actuator designed to deliver constant stimuli. The 
mean reaction times obtained by one apparatus did not differ significantly 
from those obtained by the other (Table 5). ‘cs 

It was therefore concluded that the variations in the stimulus arising out 
of the design of the stimulus actuator were not an important factor. 


Tasiz 5. Comparison between the hand-operated stimulus-actuator (H.0.) and 
the pulse-operated electro-mechanical stimulator (£.0.) 


Reaction times to stimulus 
no. 3 (sec) 
Subject the difference 
J.M.G. 0-26 0-28 P>05 
M.D. 0-38 0-36 P>0-05 
R.N. 0-45 0-46 P>0-4 
Stimulus intensity 


Pressure variations. In ten subjects the finger area was given ten stimuli 
with nos. 1, 2 and 5 nylon threads in turn, the order of the runs being 
randomized. The results are shown in Table 6. In each subject there is 
a statistically significant difference between the mean values for nos. 1 and 
5 stimuli (P < 0-01 except once, when it was less than 0-05); but the figures for 
no. 3 stimulus, though in general intermediate between the other two, do not 
always differ from them significantly. The grand mean for no. 5 stimuli is less 
than the mean for no. 1. Standard deviations for the no. 5 stimulus were 
smaller than those for the no. 1 stimulus in most cases. | 
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Most of the subjects volunteered the information that the sensation pro- 
duced was stronger and more definite when successively larger threads were 
used. When the stimuli were near threshold, some subjects frequently reported 
the occurrence of a so-called ‘after-glow’ commencing after the sensation of 
definite touch had subsided and lasting from. 5-sec to 2 min or more, most 
pronounced at the point stimulated and fading diffusely. 


Tastz 6. Effect of stimulus intensity; finger 


Stimulus 
Subject ‘Nylon no. 1 Nylon no. 3. Nylon no. 5 

DS 0-27 0-25 0-21 
J.G 0-39 0-21 0-21 
0-30 0-24 0-22 

L.P 0-27 0-24 0-22 
R.W 0-35 0-27 0-27 
M.L. 0-36 0-36 0-29 
B.B 0-38 0-38 0-29 
H.D 0-35 0-28 0-29 
H.T 0-35 0-31 0-32 
M.B. 0-51 0-37 0-40 
Grand mean 0-35 0-29 0-27 


The figures are mean reaction times, in seconds, derived from ten readings in each subject. 


Three subjects were then examined in more detail, being stimulated in the 
finger area successively with all six nylon threads at one sitting. As before, 
the order in which the runs of ten stimuli were applied was randomized. When 
the mean reaction times obtained for each subject were plotted against the 
logarithms of the fourth powers of the diameters of the nylon threads (Table 1), 
statistically significant linear regressions were obtained (P < 0-001), for all the 
three subjects (Fig. 2), indicating a logarithmic relationship between the 
stimulus intensity and the reaction time. 

In nine subjects the dorsum of the distal phalanx of the great toe was _ 
tested by runs of ten stimuli from both nos. 1 and 5 threads; the results © 
again show (Table 11) a significant difference between the means of the 
reaction times from the two stimuli. 

Although the chief variable in these experiments was the force exerted, 
the surface area of the skin stimulated was both a minor variable and also 
unnaturally small. Hence the following experiments were designed. 

Variations in pressure; area constant. Two disks, 26mm in diameter, _ 
punched out of a thin celluloid sheet, were each mounted normal to the end _ 
of a no. 1 and a no. 3 nylon thread respectively. The pressures exerted by the _ 
two disks on an area 5-31 mm* were in the proportion of 1: 3.8. The nylon 
threads were fixed to the pulse-operated electro-mechanical stimulator which _ 
was so positioned that the disk surface was parallel to the skin test area. The 
reactjon times to the two stimuli, which were measured in five subjects with 
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the usual precautions (Table 7) show again that the stimulus of greater 
magnitude gives a shorter reaction time. 


Taste 7, Effect of increasing pressure; area constant 


Stimulus 
Disk on no. 1 Disk on no. 3 

Subject Site on finger 
L.P. 0-26 0-24 Dorsal surface 
JM.G 0-27 0-25 Palmar surface 
D.T 0-28 0-24 Dorsal surface 
R.N. 0-51 0-36 Palmar surface 
M.D. 0-39 0-36 Palmar surface 

Grand mean 0-34 0-29 


The figures are mean reaction times, in seconds, derived from ten readings in each subject. 


Variations im area; pressure constant. Three celluloid disks, 2, 3-6 and 
7-4 mm in diameter, were mounted normal to the ends of nos. 1, 2, and 4 nylon 


se 


3 


log force (arbitrary units) 


3 


180 220 260 300 
Mean reaction time (msec) . ; 
. 2. The relation between the mean reaction time and the logarithm of the force exerted by 
% the nylon stimuli in subject D.S. The dots represent the actual mean reaction-time values 
obtained for the six stimuli. The straight line is drawn from the equation for the regression 
line. The significance of the linear regressions was confirmed by an analysis of variance. The 
lines for the other two subjects tested were similar. 


threads, respectively. Their weights were so adjusted that the pressures (force 

per unit area) they exerted on the skin were equal. The test area selected was 

such that when the pulse-operated electrc-....-“:anical stimulator was actuated 
PH. CXXIII. 13 
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the whole surface of even the largest disk came into contact with the test area 
simultaneously. A comparison between the reaction times to the three stimuli 
made in five subjects (Table 8) shows that the mean reaction time obtained 


Taste 8, Effect of increasing area; pressure constant. Thenar eminence. 


Stimulus 
Disk diam. Disk diam. Disk diam 
Subject 2mm 3-6 mm 74mm Type of skin 

0-28 0-25 0-20 Glabrous 

J.M.G 0-29 0-26 0-23 
D.T 0-26 0-23 0-21 Glabrous 
R.N 0-45 0-39 0-30 Glabrous 

M.D. 0-41 0-36 0-28 Hairy 
Grand mean 0-34 0-30 0-24 


The figures are mean reaction times derived from ten readings in each subject. 


20 r 


log area of stimulus 


05 


L 
200 300 400 
Mean reaction time (msec) 


Fig. 3. The relation between the mean reaction time and the logarithm of the area of the skin 


stimulated in two subjects. The three arrows labelled D,, D, and D, mark the logarithms of _ 
the areas of the disks in mm’. The lines have been drawn from the equation for the regression _ 


line. Lines lying between the two shown were obtained for the other three subjects. 


with a larger disk is significantly shorter than that obtained with a smaller 


disk. On being questioned about the sensations perceived, the subjects were 


all of the opinion that the perception was ‘stronger’ when the larger disk was _ 
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being used but they were not conscious that the area of the skin stimulated 
had varied in any way. 

When the mean reaction times obtained for each subject were plotted 
against the logarithms of the areas of the disks, statistically significant linear 
regressions were obtained (P< 0-001) for each subject (Fig. 3). This indicates 
a logarithmic relationship between stimulus area and mean reaction time 
(similar to that between pressure and mean reaction time). 


Stimulus duration 


An analysis of the recordings shows that the time for which the stimulus 
remained in contact with the skin varied at random between 0-15 and 0-27 sec. 
The duration of the stimulus was plotted against the reaction time for ten 
stimuli with the no. 5 thread and ten with the no. 1 in each of the two subjects 
making forty points in all. No correlations existed within this range. 


Stimulus velocity 

The speed of application of the stimulus has been stated to affect the 
reaction time (Fessard, 1929, 1930). The validity of this statement was realized 
early in the course of the experiments, when it was found that it was possible 
to apply a No. 1 stimulus so gently and slowly that no sensation was aroused. 
Care was therefore taken to keep the speed of the application of the stimulus 
as uniform as possible. An analysis of the curves obtained from the pressure 
transducer showed that small variations (+3%%) that occurred in the time 
taken for the stimulus to reach its maximum pressure were distributed at 
random. It was therefore considered that this would not be a source of error 
in the comparison of different runs. 


Mode of application of the stimulus 

In ten subjects punctate stimuli were compared with stroking stimuli 
delivered with the same thread. In seven subjects no. 1 thread was used, but 
in the others the level of the touch threshold necessitated the use of a no. 2 
thread. In the stroking stimuli the thread moved across the test surface at 
right angles to the length of the finger. The thread was allowed to bend as 
much as possible without getting caught on the side of the finger and the 
length of the stroke was limited for the same reason. The reaction times show 
a significant increase (Table 9) when the stimulus is stroking instead of 
punctate. Subjects often commented that the stimulus was weaker and diffuse 
when stroking stimuli were being applied. 

An estimate of the forces involved in the stimuli was made on the pressure 
transducer, and it was found that the force exerted by the stroking stimulus 
was always less than that by a punctate stimulus with the same thread, 


though the stimulus lasted for a longer period. se 
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Tasie 9. Stroking compared with punctate stimuli; finger 


Stimulus 
Punctate Stroking 
Subject Reaction time sp, ‘Reaction time 
Nylon no, 1 
DS. 0-22 0-022 0-27 0-031 
L.P. 0-26 0-030 0-36 0075 
W.T. 0-27 0-021 0-35 0-015 
J.M.G. 0-29 0-052 0-54 0-140 
0-31 0-023 0-35 0-064 
D.T 0-31 0-058 0-35 0-062 
0-44 0-056 0-45 0-066 
Nylon no, 2 
J.G. 0-24 0-052 0-81 0-174 
G.W. 0-24 0-049 0-52 0-148 
R.W. 0-28 0-079 0-38 0-060 
In each case the figures are derived from ten observations. 


A stiff hair on the dorsum of the left hand was isolated by clipping the 
surrounding hairs. The plane made by the axis of the hair in relation to the 
plane of the skin, that is to say, its plane of growth, was carefully determined 
and the pulse-operated electro-mechanical stimulator used to move the hair 
in the plane of its growth a measured distance on either side of its resting 
position. The reaction times to ten movements in each direction were measured 
in each of five subjects. By assessing the amount of bending of a no. 1 nylon 


Tasiz 10. Reaction time to hair stimulation 


Stimulus 
Towards the skin Away from the skin 
Subject 8.D. Sensation 8.D. Sensation 

LP. 0-38 0-082 += Weak 0-30 0-053 Strong 
AWD. 038 0-113 Weak 0-28 0-041 Strong 
C.W. 0-36 0-055 | Weak 0-29 0-040 Strong 
AS. 0-50 0-108 Weak 0-31 0-038 
P.W.J. 0-69 0-126 Weak 0-51 0-077 Strong 
Grand mean 0-46 0-34 


The figures are the mean rection times, in seconds, derived from ton readings in each subject. 


thread used to move the hair, it was found that in each case a greater force 
was necessary to move the hair away from the skin than to move it towards 
the skin. The opinion of each subject on the relative intensity of the two sets — 
of stimuli was then obtained. 

It is evident from the data in Table 10 that the movement of a hair away 
from the skin in the plane of its growth gives rise to a significantly shorter 
reaction time with a smaller standard deviation as well as a ‘stronger’ 
sensation than movement in the opposite direction. 
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Reaction-time in relation to the site tested 
Significance of distance from central nervous system 

In ten subjects the results of stimulating the finger pad were compared with 
those of stimulating the great toe (Table 11). The ball of the toe was rejected 
as the touch threshold was too high for most of the no. 1 stimuli to be per- 
ceived. An area was therefore stamped out on the dorsum of the distal 
phalanx, care being taken to avoid any hairs. 


Il. and toe 


Nylon no. bu stimulus Nylon no. | stimulus 
Significance Significance 

Subject . Toe Finger of difference Toe Finger of difference 
DS 0-27 0-21 P<0-001 0-60 0-27 P<0-001 
JG 0-26 0-21 P<001 0-47 0-39 P <0-05 
L.P 0-27 0-22 P<0001 0-35 0-27 P <0-05 
R.W. 0-34 0-27 P<001 0-35 0-35 — 
M.L. 0-34 0-29 — 0-40 0-36 — 
B.B 0-47 0-29 P<0-001 0-70 0-38 P<0-001 
H.D 0-29 0-29 — 0-77 0-35 P<001 
H.T 0-33 0-32 —_ 0-60 0-35 P<0-01 
M.B 0-39 0-40 — 0-59 0-51 —_ 
Grand 

mean 0-33 0-28 0-54 0-36 


The figures are mean reaction times derived from ten readings. 


‘The grand mean reaction time for this toe area was greater with both 
nos. 1 and 5 stimuli than the grand mean reaction time for the finger; the 
difference, however, was greater with the no. 1 stimulus than with the no. 5 
stimulus. The ratio of the toe reaction time to the finger reaction time is 1-5 to 1 
with the no. 1 thread, and only 1-2 with the no. 5 thread. There are also some 
noteworthy individual results. Thus, in subject H.D. the mean reaction times 
obtained from both finger and toe were the same when stimulated with a no. 5 
stimulus, but there was a statistically significant difference when a no. 1 thread 
was used. In subject M.B. the toe area gave a mean reaction time which was 
less than that from the finger (although not statistically so) when a no.'5 
stimulus was used. Again, in subject R.W. the mean reaction times obtained 
from the finger and the toe were the same when a no. | stimulus was used, 
while there was a significant difference with a no. 5 stimulus. 


Two areas equidistant from the spinal cord were marked on the hairy 
glabrous skins respectively of the thenar eminence, for neurohistologically 
these types of skin have been shown to differ significantly (Sinclair, Weddell & 
Zander, 1952; Hagen, Knoche, Sinclair & Weddell, 1953). Twenty-four hours 
after shaving the hairy skin, the touch thresholds of the areas were determined 
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by the method described by Thompson, Banks, Barron, Fratis & Mattison 
(1934). If three out of ten stimuli in the test area were not perceived with the 
lightest thread, the next heavier thread was used. The threshold thread was 
taken as the first one with which fewer than three out of ten misses were 
registered and the number of this thread was recorded. It was found that in 
nine out of ten subjects the thresholds in the two areas obtained in this way 
did not differ. 


Taste 12. Glabrous compared with hairy skin; thenar eminence 


Subject Stimulus Glabrous Hairy of difference 
H.T. Nylon no. 1 0-27 — 
L.P. Nylon no. 1 0-27 0-28 _— 
D.T. Nylon no. 1 032 < O61 P<001 
W.T. Nylon no. | 038 > 028 P<0-001 
E.P. Nylon no. 1 0-39 0-38 — 
J.M.G. N no. 0-39 0-48 
MLM. ylon no. 0-43 0-39 
C.W. Nylon no. 2 023 < 032 P<001 
MLL. Nylon no, 2 035 > 029 P<0-001 
Grand mean 0-34 0-35 _ 


The figures are the means derived from ten stimuli. 


Mean reaction times to threshold stimuli at these two areas were then 
compared in nine subjects (Table 12). In five-subjects there was no significant 
difference between them, in two the reaction times from the hairy skin were 
significantly less than those from the glabrous skin but in the other two the 
reverse held good. | 

Incidentally, it is quite clear from Tables 7 and 8 that the effect on the 
reaction times of varying the force or the surface area is the same, irrespective 
of whether hairy or glabrous skin is stimulated. 


Significance of touch thresholds of site tested 

An area 1 cm in diameter was stamped on the pad of the left little finger 
distal to the area already marked. Touch thresholds within these two circular 
areas were determined in six subjects by the method referred to above. The 
threshold thread was found to be no. 1 nylon for both the areas in each 
subject. However, all the subjects stated that it was more difficult to feel the 
stimuli on the distal part of the fingerpad, but no finer nylon thread was 
available to establish the thresholds more accurately. Mean reaction times to 
threshold stimuli on the two areas were compared in each of six subjects 
(Table 13). In each case, the reaction time from the proximal area was shorter 
than that from the distal area. The grand mean reaction time for the distal 
area was 0-35 sec, while that for the proximal area was 0-27 sec. It should be 
noted that this difference is greater than the difference between the reaction 
times from the proximal area on the finger and those from the toe. The 
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difference in the distances of the two test areas on the finger from the spinal 
cord is, however, less than 1 cm, whereas that between the proximal test area 
on the finger and that on the toe is 40 em or more. 


Taste 13. Proximal compared with distal part of finger pad; no. 1 nylon 


Significance 
Subject Proximal Distal of difference 
W.T. 0-26 0-33 P<0001 
DS. 0-26 0-29 — 
D.T. 0-25 0-34 P<0-001 
L.P. 0-23 0-31 P<0-001 
C.W. 0-28 0-40 P<001 
J.M.G. 0-35 0-40 — 
Grand mean 0-27 0-35 
DISCUSSION 


The reaction time to a touch stimulus cannot be expressed by a single figure, 
for there are consitlerable and significant variations in reaction time between 
different subjects and a wide scatter in individual observations in a given 
subject. Moreover, the significant alterations which occur from day to day 
render random recordings of little value, particularly as it appears that the times 
obtained with different stimuli may vary independently of each other. Many 
general factors, such as fatigue, comfort, attention, etc., which we have not 
attempted to assess, are also undoubtedly involved. Taken in conjunction 
with the possibility that a training effect occurs, as it does in most performance 
tests, our observations mean that results of any relevance to the study of 
sensation can only be obtained by statistical analysis of a large series of 
readings taken from the same subject at the same sitting under controlled 
experimental conditions. 

By adopting such procedures we have attempted to investigate some of the 
controllable factors influencing reaction time. We have found that, over the 
range of stimuli studied, reaction time varies inversely with the force exerted 
by the stimulus, and inversely with the cross-sectional area of the stimulus. 
For punctate stimuli the relationship between force and reaction time resembles 
the law propounded by Piéron for the special senses, which states: ‘latencies 
decrease from the threshold and tend towards an irreducible minimum, the 
decrease having seemed to obey a logarithmic law’ (Piéron, 1952), and 
a similar logarithmic relationship between area and reaction time is indicated 
by our results with disk stimuli. 

It seems reasonable to suppose that the effect of increasing the magnitude 
of the stimulus on any one testing site would be the same as that of keeping 
the stimulus constant and applying it to sites having progressively decreasing 
thresholds to touch. Our results on this point are inconclusive, largely owing 
to the difficulty of establishing accurate and reproducible touch thresholds. 
Nevertheless, the differences in the reaction times between the proximal and 
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distal parts of the pad of the little finger may be considered suggestive, and it 
would certainly be unwise to attach any importance to differences in the 
reaction times from two sites unless it is shown that the touch thresholds of 
these two sites do not differ significantly. These findings, together with our 
almost total ignorance of the physical characters of different areas of skin, 
suggest that for the moment the magnitudes of touch stimuli ought only to be 
defined in physiological units; i.e. in terms of thresholds. 

Comparison of two areas with similar touch thresholds on the thenar 
eminence showed that the reaction times from hairy skin in this situation do 
not differ significantly from those derived from glabrous skin. Weddell & 
Pallie (1953) have demonstrated, in both hairy and glabrous skin, innumerable 
fine naked axoplasmic filaments springing from ensheathed conducting fibres 
of all diameters situated throughout the dermis and penetrating into the epi- 
dermis. Filaments coming from different stem fibres intertwine and overlap 
at variable depths, varying in number and density from place to place. In the 


hairy skin, some of these filaments are specifically related to hairs, and in the 


glabrous skin they end among localized groups of epithelial cells by which 
they are encapsulated. 

This histological arrangement is such that if either a stronger or a larger 
stimulus is applied to a given site, a greater number of these nerve endings will 
be stimulated. Both these procedures, as has been seen, are associated with 
a decrease in the reaction time, and it could be inferred that this decrease is 
related to the occurrence of spatial summation, that is, to an increase in the 
magnitude of the nervous activity reaching the central nervous system in 
a given time. Indirect evidence on this point has been obtained from animal 
work. Weddell & Taylor (1953, unpublished observations) have shown that, 
in the rabbit, movement of hairs away from the skin in the plane of their 
growth gives rise to a greater number of action potentials than movement over 
a similar distance towards the skin; in man, movement away from the skin is 
associated with a shorter reaction time. It is also of interest that when the 
hair is moved very slowly practically no action potentials can be detected, but 
a rapid movement produces a volley of action potentials; this finding might be 
related to the observations of Fessard (1929, 1930) who stated that the speed 
of application of the stimulus is an important factor determining the reaction 
time. Indeed, it is possible to apply a no. 1 stimulus so gently and slowly that 
no sensation is evoked. 

The subjective responses of the volunteers in relation to stimulus intensity 
are worth consideration. With subthreshold stimuli, a number of curious 
vague sensations were reported which could not be described as touch, but 
merely as an ‘awareness’ that something was happening in the vicinity of the 
stimulus. Stimuli near threshold were associated with a phenomenon described 
as ‘after-glow’ and with a sensation of diffuseness which contrasted sharply 
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with the clear-cut sensation of touch aroused by stronger stimuli. The less 
punctate the sensation aroused, the larger were the standard deviations of the 
reaction times, and the smallest standard deviations were nearly always 
associated with stimuli which were strongly and clearly perceived. 

The reaction time from the toe is usually, though not invariably, longer 
than that from the proximal testing site on the finger. This is currently 
attributed to the greater conduction time resulting from the greater distance 
of the toe from the central nervous system, and indeed we must assume that — 
some increase in this fraction of the total reaction time does occur. However, 
the results obtained seem to indicate that this fraction is relatively small and 
static, and is rendered insignificant by many others. producing far greater 
variations. If the differences between the reaction times from the toe and the 
finger depended essentially on their relative distances from the central nervous 
system, the figures for both nos. 1 and 5 stimuli ought to have been propor- 
tional to these distances and thus to each other; this was not so. In addition, 
the comparison between reaction times from two areas 1 cm apart on the 
finger pad yielded a greater difference than that between the proximal of these 
two areas and the toe; this shows conclusively that reaction time is not 
necessarily correlated with distance from the central nervous system. It may 
be that the longer reaction time from the toe is related to a higher touch 
threshold, not determinable by our relatively crude methods; it does not appear 
that the difference between hairy and glabrous skin could of itself be responsible, 
but there may be many other local factors of which we are unaware. 

The measurement of reaction times from different parts of the body has often 
been made use of in the past to deduce conduction velocities for various 
modalities of sensation, more particularly pain sensation. Differences in these 
derived conduction velocities gave rise to the belief that impulses subserving 
different modalities of sensation have different conduction velocities, and are 
thus carried by specific groups of nerve fibres (Lewis & Pochin, 1937, 1938; 
Pochin, 1938). Our results refer to touch sensibility only, but it is clear that 
reaction times cannot justifiably be used to derive conduction velocities for 
touch, and it is at least probable that this restriction is applicable to all 
modalities. Gordon & Whitteridge (1943) measured the time between the 
application of a stimulus and the resulting disturbance of the «-rhythm in 
conscious human subjects; this procedure makes it virtually possible to 
measure perception time, but attempts to deduce conduction velocities from 
such measurements are open to the same objections as apply to the reaction 
time experiments. 

It is indeed questionable whether a restricted range of conduction velocities 
can be allotted for any modality of sensation; the other kind of work on which 
such allocations are based is the experimental nerve block, and this type of evi- 
dence has been shown to be untrustworthy (Sinclair & Hinshaw, 1950a, 6, 19516). 
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SUMMARY 


1. In twenty-five normal subjects the reaction time to cutaneous tactile 
stimuli has been found to vary from day to day, from subject to subject, and 
from testing site to testing site. Within the range of stimuli investigated, it 
varies inversely with the intensity of the stimulus, and also with the cross- 
sectional area of the stimulus, the relationship in both cases being a logarithmic 
one. It is possible that it also varies directly with the threshold of the testing 
site. It is suggested that these variations are explicable if the reaction time is 
related to the magnitude of the nervous activity reaching the central nervous 
system in a given time. 

2. Differences in the reaction times elicited from different skin sites are not 
necessarily related to the distances of these sites from the central nervous 
system, nor does the touch reaction time appear to be in any way dependent 
on a particular pattern of skin innervation. These facts should be borne in 
mind when assessing reaction time measurements. For instance, touch reaction 
times cannot legitimately be used to derive conduction velocities for ‘touch 
impulses’, and it seems at least probable that this restriction applies to other 
modalities of sensation also. 
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CHOLINESTERASE ACTIVITY IN THE AURICLES OF THE 
RABBIT’S HEART AND THEIR SENSITIVITY TO ESERINE 


By EDITH BULBRING, 8. R. KOTTEGODA anp 
HEATHER SHELLEY 


From the Department of Pharmacology, University of Oxford 
(Received 4 August 1953) 


Rhythmic activity in the auricles of the rabbit’s heart has been shown to be 
closely linked with the rate of synthesis of acetylcholine within the tissue 
(Biilbring & Burn, 1949). Later observations on the effects of eserine on 
auricular activity supported this hypothesis (Bilbring, Burn & Kottegoda, 
1952; Burn & Kottegoda, 1953). These showed that when the isolated auricles 
were contracting in a bath the addition of eserine sometimes increased but 
usually depressed the rate, and a concentration between 10~* and 10-* g/ml. 
arrested the beat. The observations could be explained by the inhibitory action 
of eserine on cholinesterase known to be present in heart muscle (Ord & 
Thompson, 1950). The original hypothesis was therefore extended by the 
assumption that rhythmic contractions are controlled by acetylcholine which 
is synthesized by choline acetylase and destroyed by cholinesterase, a certain 
balance between the two being required for the maintenance of normal 
activity. An important result obtained in this connexion was the observation 
that auricles which had been beating in a bath for 24 hr were 10-100 times 
more sensitive to the depressing action of eserine than fresh preparations. The 
cholinesterase activity was therefore estimated in homogenates of a large 
number of auricles in different conditions, and a correlation was found 
between this and the effects of eserine on auricles beating in corresponding 
conditions. 
METHODS 
Observations on the activity of isolated auricles 

The auricles from freshly excised rabbit hearts were dissected free from fat, connective tissue and 
ventricular muscle as described earlier (Burn & Kottegoda, 1953) and were allowed to beat in an 
organ beth at 29° ©. for varying periods. Two different medi used in the bath, Locke's 
solution saturated with oxygen, and Krebs’s solution saturated with 95% oxygen +5% carbon 


dioxide. Isolated auricles beat more vigorously in Locke’s solution, and in order to obtain a 
similar activity in Krebs’s solution some modification was necessary. The sodium bicarbonate 
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content was reduced and magnesium chloride was substituted for magnesium sulphate, the total 


amount being less than that of the sulphate in the original solution. The composition was as 
follows: 


Distilled water (ml.) 5000 5000 
Sodium chloride (g) 39-0 
chloride 2-1 1-75 
um dihydrogen 0-325 
Sodium bicarbonate (g) 2-5 6-85 
Calcium chloride, 20%, soln. . (ral) 6-0 70 
um chloride, ( — 2-5 
(g) 10-0 7-0 


For Locke’s solution all ingredients were added and it was saturated with 100% oxygen. For 
Krebs’s solution the calcium, magnesium and dextrose were added only after it had been saturated 
with 95% oxygen and 5% carbon dioxide. 

In all experiments where the auricles were allowed to beat for 24 hr, sodium penicillin 0-1 mg/ml. 
and streptomycin 0-1 mg/ml. were added to the solution in the bath. 

In comparing the sensitivity to eserine of auricles which had been beating in Locke's solution 
with that of auricles beating in Krebs’s solution, eserine sulphate in a concentration of 10~* g/ml. 
was used, 


Estimation of cholinesterase activity in homogenates 

Cholinesterase activity was estimated by the standard Warburg procedure at 37-5°C. Both 
true and pseudo-cholinesterase were estimated by using, in addition to acetylcholine (ACh), the 
specific substrates acetyl-8-methylcholine (MCh) and benzoylcholine (BCh). In the description 
of results the term ‘true cholinesterase activity’ will be used for the rate of hydrolysis of acetyl-- 
methylcholine, and ‘ pseudo-cholinest activity’ for the rate of hydrolysis of benzoylcholine. 
In all experiments enzyme and substrate blanks were subtracted from the final figures. 

Two separate investigations were carried out. In the first, standard Warburg flasks were used. 
Auricles which had been freshly dissected, or which had been beating in Locke’s solution for 1 hr, 
or for 24 hr, were examined. They were dissected as before, washed free from blood in 0-9% (w/v) 
NaCl solution and dried on filter-paper. Auricles which had been beating in the bath were similarly 
dried on filter-paper. Each auricle was then chopped as finely as possible with a pair of scissors in 
an ice-cold mortar and the mince was homogenized in an electrically-driven all-glass homogenizer 
containing about 5 ml. Krebs-Henseleit bicarbonate solution. The homogenizer was kept cool in 
ice. The volume of the homogenate was adjusted to contain approximately 0-02—0-05 g auricle 
tissue per ml, . 

Owing to the small amount of material available it was often not possible to obtain figures for 
all three substrates from a single auricle. In order to remedy this an additional investigation was 
carried out using micro-flasks with the Warburg manometers. An attempt was also made to 
compensate for the extreme variation in the values for individual auricles by using paired rabbite. 
The rabbits were paired according to sex, colour and weight. The auricles from one of each pair 
were allowed to beat for 24 hr either in Locke’s solution or in Krebs’s solution, and the auricles 
from its partner were used as a control by estimating the cholinesterase activity of the freshly 
dissected tissue. A slightly different technique was used to homogenize these auricles. Each 
auricle, after a varying length of time at - 15° C, was chopped on filter-paper on the stage of a 
MclIlwain mechanical chopper to form a mince containing 60 » cubes. The mince was homogenized 
as before in 2 ml, Krebs-Henseleit solution. The total volume of the homogenate was measured ; 
of this 0-5 ml. were transferred to each micro-flask of the Warburg apparatus. 

The substrate concentrations in the first set of estimations were 0-2m-ACh chloride, 0-3m-MCh 
chloride and 0-2™-BCh chloride, 0-3 ml. of substrate solution in a total volume of 3-0 ml. In the 
second set of estimations using the micro-flasks these were 0-2™-ACh bromide, 0-3m-MCh chloride 
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and 0-06m-BCh chloride, 0-1 ml. in a total volume of 0-8 ml. Five-minute readings were taken 
over the first 33 min after adding the substrate, and the activities were calculated from the slope 
of the graph of carbon dioxide evolved against time. 


RESULTS 


The cholinesterase activity of isolated auricles beating in Locke’s solution for 
1-4 hr and for 24 hr was compared with that of auricles freshly removed from 
the rabbit. Table 1 shows the results of the first series of experiments. Two 
pairs of auricles were used for each experiment in order to obtain sufficient 


1. Cholinesterase activity in pl. OO,/auricle/hr 


Substrate 
Auricles ‘ACh MCh BCh 

Fresh 440 65 82 
1100 207 272 
1250 168 . 255 
545 42 55 
1500 210 495 
1025 158 225 
365 62 74 
Mean 889 130 208 

Ratio (MCh = 1) 6-85:1:1-6 
First day, 1-4 hr in Locke's 285 79 28 
solution 320 143 55 
360 62 59 
435 118 55 
700 78 140 
540 115 85 
Mean 440 100 70 

Ratio (MCh =1) 44:1;0-7 
Second day, 24 hr in Locke’s 320 104 72 
solution , 375 118 42 
Mean 347 lll 57 

Ratio (MCh=1) 3-15: 1: 0-52 


material to be incubated with the three substrates. There appeared to be 
a decline of the total amount of activity, as seen when acetylcholine was used 
as a substrate, though the range of variation was such that this was not 
significant. The amount of true cholinesterase remained the same, whether 
estimated in fresh auricles or in preparations isolated in Locke’s solution up to 
24 hr. But the pseudo-cholinesterase activity was diminished significantly, 
in some preparations even after a few hours’ beating in Locke’s solution. 
Whereas in all the fresh auricles the pseudo-cholinesterase activity was greater 
than the true, this was only so for one auricle which had been beating in 
Locke’s solution. The mean ratio of true cholinesterase to pseudo-cholin- 
esterase (MCh: BCh) in fresh auricles was 1:1-6, after beating in Locke’s 
solution for a few hours it was 1:0-7 and after 24 hr in Locke’s solution it was 
1:0-52. This change in proportion is significant. A second series of experi- 
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ments was undertaken to study the loss of pseudo-cholinesterase further. Only 
one pair of auricles was used each time, and therefore the material available 
sufficed only for incubation with two substrates instead of three. 

Table 2 shows the results obtained. Again, in all the fresh auricles the 
values for pseudo-cholinesterase were higher than those for true cholinesterase. 
Thus in both Tables 1 and 2 (twelve observations) this was so, without 
exception. During exposure to Locke’s solution there was a steady fall in 


TABLE 2. Cholinesterase activity in pl. CO,/auricle/hr 


Substrate 
Auricles MCh BCh 

Fresh 60 110 
106 172 
132 292 
104 172 
60 88 
92 167 

Ratio (MCh 1) 1:18 
1 hr in Locke's solution 200 280 
, 150 186 
124 183 
290 615 
185 185 
200 188 
265 385 
Mean 202 288 

Ratio (MCh = 1) 1: 1-42 
24 hr in Locke’s solution 184 260 
142 136 
186 172 
260 260 
325 260 
155 110 
235 235 
Mean 211 204 

Ratio (MCh = 1) 1: 0-97 


pseudo-cholinesterase activity, and after 24 hr only one out of seven auricles 
contained more pseudo- than true cholinesterase. The ratio of activity of the 
two enzymes changed from 1: 1:8 to 1:1-42 within 1 hr (just significant) and 
to 1:0-97 after 24 hr (significant). No estimation of total cholinesterase activity 
was made in this series, and this change might have been due to a rise in true 
cholinesterase content, as the mean figures for the auricles which had been 
beating in Locke’s solution were higher than those for the freshly removed 
tissue. 

A third series was therefore undertaken using carefully selected rabbits, 
paired according to weight, sex and colour. The use of micro-flasks allowed all 
three substrates to be tested on a single auricle. The results are shown in 
Table 3. The mean figures for total cholinesterase and true cholinesterase 
after 24 hr in Locke's solution were higher than those for the fresh auricles 
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but the mean figure for pseudo-cholinesterase was significantly lower. The 
ratios of total activity to true cholinesterase to pseudo-cholinesterase 
(ACh:MCh:BCh) were 4-58:1:1-13 for the controls and 4-15:1:0-63 for 
auricles after 24 hr in Locke’s solution. These results presented a similar 
picture to those previously obtained, indicating an increase in true cholin- 
esterase which was, however, not significant, with a significant fall in pseudo- 
cholinesterase after the auricles had been beating in Locke’s solution. 


Tasix 3. Cholinesterase activity in pl. CO,/auricle/hr 


Substrate 
Auricles ACh MCh BCh 
Fresh 625 135 152 
757 176 192 
700 152 
750 54 120 
985 196 256 
554 166 152 
660 165 142 
760 216 255 
Mean 724 158 178 
Ratio (MCh = 1) 4-58: 1:1-13 
24 hr in Locke’s solution 430 154 74 
720 192 123 
810 220 120 
800 267 55 
950 150 161 
495 130 35 
1290 202 161 
1350 340 317 
Mean 856 207 131 
Ratio (MCh = 1) 4-15: 1:0-63 


A similar experiment using Krebs’s solution is summarized in Table 4. The 
ratio of total cholinesterase to true cholinesterase to pseudo-cholinesterase 
was 5-0:1:1-19 for the controls and 4-8:1:1-19 for auricles after beating for 
24 hr in Krebs’s solution. The proportion of the two enzymes remained 
significantly unchanged. There was thus no fall in pseudo-cholinesterase 
activity of the tissue. However, once again the mean figures obtained with all 
three substrates from auricles beating 24 hr in Krebs’s solution were higher 
than those from fresh auricles. This rise was significant for all three substrates. 
When the ratios of the mean activities of auricles beating for 24 hr to those of 
fresh auricles were calculated for total cholinesterase (ACh), true cholin- 
esterase (MCh) and pseudo-cholinesterase (BCh), the values obtained were 
1-33, 1-38 and 1-38 respectively. Now, when similar values were calculated 
for the auricles beating in Locke’s solution (Table 3), these were 1-18, 1-31 and 
0-74. The apparent increase in true cholinesterase was very similar, whereas 
the pseudo-cholinesterase had decreased. Since the pseudo-cholinesterase had 
decreased, the total cholinesterase had increased less in Locke’s solution than in 
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Krebs’s solution. The reasons for this increase in cholinesterase activity are 
discussed later. 

Tasue 4. Cholinesterase activity in pl. CO,/auricle/hr 


Substrate 
Auricles MCh BCh 
Fresh 535 121 79 
547 140 106 
620 132 145 
715 157 123 
542 72 126 
395 99 153 
760 14 141 
650 157 
Mean 596 119 42 
Ratio (MCh = 1) 50:1:1-19 
24 hr in Krebe’s solution 770 165 213 
915 120 146 
542 148 137 
900 140 242 
1050 145 248 
580 176 132 
575 103 122 
1043 320 330 
Mean 791 165 
Ratio (MCh =1) 48:1:1-19 
TaBie 5. Cholinesterase activity in ul. CO,/auricle/hr 
Substrate 
Auricles ACh MCh BCh 
Fresh 590 106 152 
435 ill 57 
935 168 230 
630 158 132 
660 125 
660 114 159 
Mean 652 123 142 
Ratio (MCh =1) 53:1:1-16 
1140 88 124 
600 132 96 
605 100 132 
708 139 126 
Mean 694 93 
Ratio (MCh =1) 7-46:1: 1:15 


The gradual fall in pseudo-cholinesterase activity while the auricles were 
beating in Locke’s solution was not due to the absence of magnesium from the 
medium. This was tested by repeating the experiments summarized in Table 4 
with Krebs’s solution containing no magnesium. No fall in pseudo-cholin- 
esterase activity was found in relation to true cholinesterase as shown in 
Table 5. 
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The possibility that the figures for benzoylcholine hydrolysis might be due 
not to pseudo-cholinesterase but to benzoylcholinesterase which is not 
inhibited by eserine 10-5g/ml. (Koelle, 1953) has been considered. In vitro 
experiments using the Warburg technique and a homogenate of fresh auricle 
tissue showed that 10-® eserine (=3-1 x 10-°m) inhibited the hydrolysis of 


(a) Locke (b) Krebs 
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Fig. 1. Isolated rabbit auricles beating (a) in Locke’s solution, (6) in Krebs’s solution. Mean 
percentage change in activity produced by 30 min exposure to eserine 10-*. Change in 
ity is represented by lines drawn through mean results (+ standard error) obtained 
after 1 and 24 hr isolation in the two media. Number of experiments in brackets. 


benzoylcholine by auricle tissue by 97%, a figure which agrees with Koelle’s 
for the pseudo-cholinesterase of rabbit gut. Moreover, the figures for acety]- 
choline hydrolysis reflect those for benzoylcholine hydrolysis. Since benzoy!l- 
cholinesterase hydrolyses acetylcholine at a very much lower rate than 
benzoylcholine, this is a further indication that the auricle tissue contains 
pseudo-cholinesterase which hydrolyses acetylcholine at a higher rate than 
benzoylcholine. 

The effects of eserine on isolated auricles and their increased sensitivity 
after beating in Locke’s solution for 24 hr have been described in detail (Burn 
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& Kottegoda, 1953). For the present investigation only one concentration of 
eserine, 10-*, was considered, and its effect on auricles beating in Locke’s 
solution was compared with that on auricles beating in Krebs’s solution. The 
change produced on the rate and amplitude of beat was recorded at the end of 
30 min exposure to eserine; and the effect obtained on preparations isolated 
for 1 hr was compared with that on preparations isolated for 24 hr. A summary 
of all the results, which include a number of experiments already reported, is 
given in Fig. 1. 

When the auricles had been beating in Locke’s solution for 1 hr, eserine 
produced an increase in amplitude; this was no longer seen after 24 hr, in fact 
ig decrease was often observed, and the slowing of the rate was much greater 

on the second day. However, in Krebs’s solution, no such increased sensitivity 
to eserine was observed. 

An increase in amplitude after eserine was also seen in Krebs’s solution, 
though this is not apparent from the mean results used for Fig. 1. The change 
in amplitude produced by eserine varied from —47 to +26% on the first day, 
and from —15 to + 10% on the second day. The effects produced by eserine 
on auricles beating in Locke’s solution varied over a much wider range, on the 
first day between —10 and + 220% and on the second day between —94 and 

+30% of the original record. 


DISCUSSION 


This work was undertaken in order to see whether the increased sensitivity to 
eserine, shown by isolated rabbit’s auricles after 24 hr beating in Locke’s 
solution, could be explained on the basis of their cholinesterase content. It 
was found that in Locke’s solution a progressive fall in pseudo-cholinesterase 
activity occurred, while the true cholinesterase activity remained unchanged. 
No decrease in pseudo-cholinesterase activity took place when isolated 
auricles were beating in Krebs’s oe and no change in sensitivity to 
eserine was found either. 

The absolute amount of true and pseudo-cholinesterase activity, as well as 
their relative proportion, varied widely in different auricles. The fall in 
pseudo-cholinesterase observed after the auricles had been beating in Locke’s 
solution and the effect of eserine on their activity showed a similar wide 
variation, In Krebs’s solution the effects of eserine were more uniform and 
here the relative enzyme content remained constant. 

Burgen (1948) and Blaschko, Biilbring & Chou (1949) observed that eserine 
has a rather greater affinity for pseudo-cholinesterase than for true cholin- 
esterase. Hence the proportion of eserine available for inhibition of true 
cholinesterase might be increased when there was a decline in pseudo- 
cholinesterase and this might be the reason for the increased sensitivity to 


eserine of auricles which had been beating in Locke’s solution. When the effect 
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of eserine is tested in vitro the I,, (molar concentration of inhibitor causing 
50% inhibition of enzyme) is at a concentration of about 10-’m. Plotting the 
percentage inhibition of cholinesterase against the logarithm of the molar 
concentration of the inhibitor results in a sigmoid curve which, in the region 
of 10-* to 10-*m, becomes very flat. Thus a great change in the effective 
concentration of eserine would be needed to cause a small change in the degree 
of inhibition. The pseudo-cholinesterase content fell by 25-50%. This change 
in enzyme available might even at the concentration 10-° have caused a 
decisive change in the action of eserine. For example, a concentration of 
10-*m which én vitro inhibits cholinesterase by only 15-2°%, produces a change 
in the activity of the beating auricle. 

The apparent increase in activity of true cholinesterase after 24 hr in 
Locke’s solution, and of both true and pseudo-cholinesterase after 24 hr in 
Krebs’s solution is difficult to explain. The fact that in Krebs’s solution the 
activity of both enzymes was increased in the same ratio indicated that some 
general change in the auricle was responsible. It was observed that the average 
weight of auricles which had been beating in isolation for 24 hr was less than 
that of the corresponding controls, being 0-47 g as compared with 0-56 g when 
Krebs’s solution was used, and 0-52 g as compared with 0-57 g when Locke’s 
solution was used. In order to avoid an error introduced by the change in 
weight the cholinesterase figures were expressed per auricle and not per g 
tissue. Nevertheless, an increase in activity of about 30% was observed. 
Ord & Thompson (personal communication) have shown that partial digestion 
with trypsin can increase the activity of true cholinesterase from rat’s 
diaphragm, and Aron, Herschberg & Frommel (1944) have shown that small 
amounts of certain amino-acids, especially histidine, arginine and lysine, can 
also activate cholinesterase preparations. Thus a slight onset of autolysis 
during the prolonged period of isolation at 29° C might be responsible for the 
increased activity. 

A second possibility is the loss of a naturally-occurring inhibitor of cholin- 
esterase from the beating auricle. If this competed with eserine a decrease in 
the I,) for eserine would be found after 24 hr in the bath. In a few experi- 
ments, however, no significant change in the J,, was detected. 

A possible reason for the loss of pseudo-cholinesterase from auricles beating 
in Locke’s solution, a loss which did not occur in Krebs’s solution, was the 
absence of magnesium in Locke’s solution. However, no loss of enzyme 
occurred when magnesium was omitted from the Krebs’s solution. Another 
possibility was the difference in pH. Locke’s solution is a more alkaline 
medium than Krebs’s solution and is not nearly so well buffered. On bubbling 
oxygen through Locke’s solution for 24 hr the pH rose from an initial value of 
8-2 to a final value of 9-1. On the other hand, when a mixture of 95% oxygen 
and 5% carbon dioxide were bubbled through Krebs’s solution the initial 
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pH of 7-4 fell to 7-3. The increasing alkalinity of Locke’s solution is the most 
probable reason for the loss of pseudo-cholinesterase which did not occur at 
the more physiological pH of Krebs’s solution. 

The fact emerges from the observations described here that a clear difference 
was found between the behaviour of the living tissue in response to eserine in 
the two different media, and that this could be correlated with a difference in 
pseudo-cholinesterase content after prolonged isolation of the tissue in these 
media. These results are consistent with the view that eserine exerts its effects 
on the auricles by inhibiting cholinesterase present and thus preventing the 
destruction of acetylcholine which is formed in the auricles during activity. 


SUMMARY 


1. While it has previously been shown that rabbits’ auricles beating for 
24 hr in Locke’s solution, become more sensitive to eserine, no change in 
sensitivity was observed in auricles beating in Krebs’s solution. 

2. A progressive loss of pseudo-cholinesterase has been found in Locke’s 
solution, while the true cholinesterase content did not fall. No such change 
was observed in auricles beating in Krebs’s solution. 

3. The correlation of the two observations further supports the conclusion 
that eserine affects the activity of rabbits’ auricles by inhibiting cholin- 
esterase and preventing the destruction of acetylcholine synthesized in the 
tissue during its rhythmic contractions. 


We wish to express our thanks to Dr Katharine Coward for the statistical analysis of the results. 
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THE RELATION BETWEEN FORCE, VELOCITY AND 
INTEGRATED ELECTRICAL ACTIVITY IN HUMAN 
MUSCLES 


By BRENDA BIGLAND anp 0. C. J. LIPPOLD 
From the Department of Physiology, University College, London 
(Received 4 August 1953) 


When a voluntary isometric contraction of a muscle is made, the electrical 
activity, measured by integrating the action potentials from surface electrodes, 
bears a linear relation to the tension that is being exerted (Lippold, 1952). This 
relation has been demonstrated in human subjects for most of the larger 
muscles and those smaller muscles with short tendons. Certain muscles, 
including tibialis anterior, however, follow a quadratic relation rather than 
a linear one (Edwards & Hardy, personal communication). This might be due 
to stretching of long tendons and their retinacula during strong contractions 
allowing substantial internal shortening. It therefore seemed desirable to 
investigate the problem when the muscle was actually changing in length. 

Previous attempts to establish a relation between the tension in a voluntary 
isotonic contraction of muscle and some arbitrary feature of its electromyogram 
have proved abortive, probably because the velocity of the movement was 
uncontrolled ; it might be predicted from Hill’s (1938) equation relating force 
and velocity—which can be applied to human muscle (Wilkie, 1949)—that the 
faster a muscle shortens the more electrical activity would be associated with 
a given tension. If, on the other hand, the muscle is lengthened during its 
contraction, the tension is independent of the velocity (Abbott & Aubert, 
1951). The recent experiments of Abbott, Bigland & Ritchie (1952) and of 
Abbott & Bigland (1953), on subjects whose leg muscles were working at 
different forces and velocities, showed that the oxygen consumption increased 
rapidly with increasing velocities of shortening at constant force, but remained 
about the same when they were being stretched. The assumption was made 
that any increase of oxygen consumption was a direct reflexion of the number 
of active motor units and their frequency of excitation. 

The degree to which a muscle is excited determines both the electrical 
activity it displays and the isometric tension it can exert. It has been shown 
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that the isometric tension in submaximal contractions is proportional to the 
integrated electrical activity recorded from surface electrodes (Lippold, 1952) 
and thus the symbol P,, the isometric tension in Hill’s equation, may be 
replaced by kA, a quantity proportional to the electrical activity under any 
conditions involving the same degree of stimulation. Thus in the characteristic 
equation relating force exerted to speed of —— 


(P+a)V =(P,—P)b, (1) 


Py may be replaced by kA: and sincea=nP, andb=nV,, where n is a constant 
(usually about 0-25) and V, is the velocity of shortening under zero load, the 
equation, after simplifying, can be written 


kA =P(1+— (2) 


This shows that at constant velocity V, the electrical activity A, is directly 
proportional to P. Under constant load P, but with varying velocity, if V/V, 
is small enough for its square and higher powers to be neglected, the equation 


Thus at lower velocities under constant load the electrical activity should be 
a linear function of the velocity. More generally it is 


kd=P 1+7-(1+3) (1+;)+...| (4) 


which starts linearly and bends upwards at the higher velocities. 

The experiments reported in this paper were accordingly designed to show 
the relation between excitation of a muscle and its tension at different con- 
trolled velocities of shortening in voluntary contraction. 


METHODS 


The experimental subjects were young adult males and females. The subject was seated at the 
dynamometer described by Lippold, Naylor & Treadwell (1952), modified to enable voluntary 
isotonic contractions of the calf muscles to be made at predetermined constant velocities (Bigland, 
Lippold & Wrench, 1953). The foot platform, free to rotate about the axis of the subject’s ankle 
joint, was attached to a flexible steel wire running over a large pulley, in such a manner that 
plantar flexion of the foot lifted a weight. A linear potentiometer attached to an extension of the 
bearing spindle indicated the angular rotation of the foot as a vertical deflexion of one spot on 
a double-beam cathode-ray tube, conveniently visible to the subject. The second spot was moved 
in the same axis by a calibrated, linear-sweep time-base triggered from a key pressed by the 
subject. With a little practice, and by the use of rhythmical movements, the subject could keep 
both spots in juxtaposition, thus making contractions of the required constant angular velocity. 
Contraction velocities of 0-1-1-0 radian/sec in both shortening and lengthening of the muscle and 
forces of contraction from 0 to 500 kg (calculated in the tendon) were employed. 

Action potential recordings were made from the calf muscles using the surface suction electrodes 
and amplifiers described by Lippold (1952). Integration was performed with modified Miller 
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circuit, for which we are indebted to Dr J. A. V. Bates, in which a small condenser was charged 

by the amplified and rectified action potentials. When its potential reached a predetermined 

value, this capacitor discharged, producing a pulse which was fed into a conventional scale-of-two 

counter. The number of pulses in a given time was proportional to the area enclosed by the action 

potential tracing. Certain experiments were performed where integration was carried out both 

Comparison of these results indicated 
the electrical method was at least as accurate as the planimetric method. 


Power pack 


Time base 


Trigger 


The integrator was switched by means of a commutator on the foot platform spindle, so that 
only 12° of each contraction and return was recorded. In some experiments, action potentials, 
position indicators, 50 o/s time trace and integrator pulses were recorded on 70 mm bromide 
paper running at 50 cm/sec. A master cathode-ray tube enabled the observer to reject the inte- 
grator counts of any contraction made at incorrect velocity (Fig. 1). 

Other recordings were made using concentric needle electrodes (Adrian & Bronk, 1929) and 
three single stainless steel electrodes. The latter were constructed of No. 28 s.w.g. solid-drawn, 
stainless steel tubing, the earth electrodes being left bare while the two recording needles were 
completely insulated with twelve coats of enamel, their resistance in this condition being 10 MQ 
at 500 V when tested in saline with the Megger. Before insertion a small area of the tip of these 
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electrodes was bared with a razor blade. By varying this area, control of the volume of the muscle 
sampled by the needles could be exercised. In these experiments the forefinger was arranged to 
lift a weight from a supporting stop and subsequently to maintain it at an isometric level. Elec- 
trical activity was recorded from these needles, carefully sited within the muscle belly of extensor 
digitorum communis, and compared with that from surface suckers over it, on the skin. 

The surface electrode impedence was measured in separate experiments using an a.c. bridge 
circuit at 5 ke/s. It was found to vary up to 1-0% of the effective input impedance of the amplifier 
during 2 hr. It was desirable to curtail the length of experiments as much as possible: each experi- 
ment was divided into three parts, the electrodes being removed and reapplied between them. 


RESULTS 
At constant velocity 


When the force of contraction of the muscle was varied while the rate of 
contraction was kept constant, a linear relation was found between the inte- 
grated electrical activity and the weight being lifted. In all experiments the 
forces of the Achilles tendon were between 0 and 500 kg approximately. All 
five subjects showed the same type of relation, although the slope of the line 
varied between individuals and also between the different recordings from the 
same subject. This linear relation was elicited at any velocity within the 
capabilities of the particular subject but its slope varied with the velocity. 

The five subjects performed this experiment sixteen times in all, the graph 
plotted in Fig. 2 representing the type of relation obtained. The coefficient of 
correlation with a straight line in this case was 0-93 and 0-88. It can be seen 
that the linear relation held when the muscle shortened and also when it 
lengthened at this constant velocity. During the lengthening, however, the 
electrical activity of the effort required to lower a given weight was much less 
than that needed to raise it. 

When this experiment was repeated at different velocities a series of straight 
lines was obtained, each of different slope. These lines were extrapolated to 
meet at zero activity corresponding to no tension in the muscle. This point was 
at —3-5 kg tension, which was found to be equal to the weight of the platform, 
so confirming the predicted direct proportionality between A and P. 


At constant force 

In this series of observations, the force was kept constant, while the velocity 
was varied in steps by adjustment of the time-base which the subject was 
following. Over the small range of movement in which recordings were taken 
(6° above and below mid-position of the ankle joint) the rate of movement 
could be considered as representing a constant velocity of shortening or 

lengthening of the muscle itself. 
- Subjects showed an optimum velocity in terms of ability to follow the 
moving spot on the cathode-ray tube. This was apparent to the observer and 
reflected also in the increased scatter of individual points on the plotted line 
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when the subject had difficulty in following the desired speed. Most trouble 
was experienced at extremely low velocities because of frictional effects; if the 
subject allowed the platform to stop momentarily, the static friction in the 
bearings and pulleys had to be overcome in order to restart it, necessitating 
the output of greater forces than those needed to maintain a smooth movement 
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Fig. 2. The relation between integrated electrical activity and tension in the human calf muscles. 
Recording from surface electrodes. Shortening at congtapt velocity (above) and lengthening 
at the same constant velocity (below). Each point is the mean of the first ten observations 
on one subject. Tension represents weight lifted and is approximately yg of the tension cal- 
culated in the tendon. 


against kinetic friction. Similarly, at high velocities, although rhythmical 
movements were employed, visual difficulties in following the spot accurately, 
and also in the monitoring by the observer, obtruded. In order to obtain 
results with the least scatter it was found necessary to let the subject spend 
time learning to follow the spot at various speeds and different forces. 

This experiment was performed 18 times in all by the five subjects. A typical 
result is plotted in Fig. 3 showing a linear relation between velocity of shortening 
or lengthening and electrical activity. From the graph it can be seen that the 
electrical activity increased considerably with the speed of shortening but that 
in lengthening the electrical activity remained almost independent of velocity. 
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As before, multiple graphs could be constructed by performing the experi- 
ment at different tensions. 

In both series of experiments, an interesting periodicity of motor activity in 
the contracting muscle was observed, occurring during the time when the 
muscle was lengthening under load, and occasionally when conditions were 
isometric. Short bursts of action potentials alternated with equal time intervals 
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Fig. 3. The relation between integrated electrical activity and velocity of shortening (above) and 
lengthening (below) at the same tension. (3:75 kg). Each point is the mean of the first ten 
observations on one subject. 


of quiescence usually at about 8 to 10 c/s. This ‘clonic’ activity could be seen 
to involve the whole muscle and was apparent in the loud-speaker and in the 
cathode-ray trace. A strip of this type of record is shown in Fig. 4 compared 
with the random activity recorded during normal shortening. The effect did 
not appear to influence the relation between load or velocity, and the integrated 
action potentials. 

At constant electrical activity : 

When the subject followed the moving cathode-ray trace at a given velocity, 
the electrical activity could be made to reach any predetermined level merely 
by altering the weight raised. This permitted the direct construction of a family 
of force-velocity curves at these different levels of submaximal excitation of 
the muscle, Such an experiment is shown in Fig. 5(a), and in Fig. 5(5) is shown 
the same family of curves drawn to the same scale, but calculated from the 
constant velocity results. Similarly, in Fig. 6(a), the results of a constant 
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velocity experiment show the different slopes obtained when tension and 
electrical activity are plotted at different given velocities. At high velocities 
slopes are steeper than at low velocities. Fig. 6(b) shows the same relations 


Fig. 4. Recordings taken from surface electrodes on the human calf muscles. Upper record shows 
normal action potential curve of shortening against resistance. Lower record obtained during 
lengthening. Note the periodicity of large waves at 8-10 per sec. Time markers at 50 per sec. 
Lower line indicates position of foot. 
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Fig. 5. (a) Force velocity curves plotted at four different levels of submaximal excitation of the 
calf muscles. Electrical activity was kept at a constant level for each curve by adjusting the 
weight lifted at each velocity plotted. (6) Shows the same family of curves calculated from 
the constant velocity results. Forces represent actual weights lifted and are approximately 
vs of forces calculated in the tendon. 


calculated from the force-velocity curves of Fig, 5(a). The curves of Fig. 5(b) 


can also be derived from the constant force results, in which the variation of 


electrical activity is depicted at five given forces. 
The series of force velocity curves can therefore be produced by three quite 
different methods, and are in good agreement. 
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different velocities (0-1-1-0 radian/sec). (6) The same curves calculated from the force 
velocity curves of (a). 
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Fig. 7. The relation between electrical activity and isometric tension when recorded (4) from 
surface electrodes, @; (b) from needle electrodes with large bared tips, @; and (c) needle 
electrodes with small tips, O. Amplification adjusted to give the same mean activity for 
50 g wt. | 


¢ 
‘ 
i 
4 
4 
« 
| 
2 


222 BRENDA BIGLAND AND 0. C. J. LIPPOLD 


Comparison of surface electrodes with needle electrodes 


Recordings from the extensor muscles of the finger, using needle electrodes 
as well as surface electrodes indicated that at low levels of activity there was 
good correlation between the two methods (Fig. 7). Better correlation was 
obtained when the needles were arranged to record diffusely with a large area 
of metal exposed, than when only a minute puncture of the insulation was 
made at the tips. These experiments were all performed under isometric 
conditions. 


DISCUSSION 


These results show a direct proportion between the integrated electrical activity 
in a muscle and the tension it is exerting, during constant (or zero) velocity of 
shortening (or lengthening). This indicates that, as the electrical activity 
increases, the proportion of overlap between potentials arising in different 
parts of the muscle, causing addition and subtraction in the final output, 
remains constant. Thus at any given velocity the area under the action poten- 
tial curve is a measure of the ‘excitation’ in the muscle. 

The excitation is related to the number and discharge frequency of active 
units. Assuming that the fibres are randomly distributed within the muscle in 
terms of the size and hence of the force of contraction of each fibre, the tension 
developed in the muscle must be related directly to the number of units which 
are active. It has been shown in nerve muscle preparations that the tension 
developed in response to maximal shocks is directly proportional to the 
frequency of stimulation, until a maximum tension is reached (Adrian & Bronk, 
1929; Brown & Burns, 1949). This is also true in intact human muscles 
(Bigland & Lippold, unpublished). Thus, within certain limits on these grounds, 
any changes in either the number or frequency of active units would be expected 
to result in a linear relation between electrical activity and tension. 

The fit of the experimental points to a linear relation depends on the skill 
with which the subject can maintain the correct velocity. Nearly always, 
discrepancies in the integrated readings could be predicted by the subject, 
a fact which might indicate an even closer relation between actual tension and 
electrical activity than is evident from the experimental results. 

The results also show that the slope of the relation between electrical activity 
and tension, in an active muscle which is being forcibly stretched at constant 
speed, is less than that of the corresponding curve when the muscle is shortening 
at the same speed. This means that the degree of excitation of the muscle 
required to produce a given force of contraction is smaller when the muscle is 
contracting at a negative velocity, than it is at the same positive velocity. 
Such a finding would be expected from a consideration of the force-velocity 
characteristic of muscle, which shows that as the velocity of shortening 
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decreases to zero the tension that can be exerted by the muscle increases. 
A further increase in tension is shown when the velocity becomes negative ; 
i.e. when the muscle is being actively lengthened (Katz, 1939). 

That this force-velocity characteristic also applied to submaximally excited 
muscle is evident in our results, from which typical force-velocity curves have 
been plotted, both by direct measurement of forces and velocities when activity 
was kept constant at given levels and by calculation from the constant tensio 
and constant velocity results. These curves agree with the c isti 
equation (Hill, 1938). 


SUMMARY 


1. Action potentials recorded by surface electrodes from voluntary contrac- 
tions of the human gastrocnemius were integrated electronically during 
isotonic shortening and lengthening of the muscle. 

2. Comparison was made of the results obtained with surface and needle 
electrodes. 

3. At constant velocity of shortening or lengthening, the electrical activity 
was directly proportional to the tension, the slope of this relation being less in 
lengthening. 

4. Atconstant tension, the electrical activity increased linearly with velocity 
of shortening, but remained almost independent of speed when the muscle 
was being lengthened. The relation held over the range of velocities possible in 
the experiments described, but would not be expected to do so at higher 
velocities. This result could be predicted from Hill’s force-velocity equation. 

5. Force-velocity curves obtained from a muscle excited by a constant 
submaximal stimulus (as indicated by constant electrical activity) agreed with 


the equation (P+a)V =(P,—P)b 


over the narrow range of force and velocity possible in such experiments. 
A similar result could be derived by interpolating for the results under (3) and 
(4) above. 

6. Tension, velocity and electrical activity are thus interdependent, and 
integration of the electrical record provides a composite measure of the number 
of active fibres and their frequency of excitation. 


We are most grateful to Prof. A. V. Hill for his guidance and many helpful suggestions, and to 
Dr D. R. Wilkie for his criticism of the proofs. 
To Miss Anne Wrench we are especially indebted for the hard work she has done both as subject 


and in giving assistance throughout these experiments. 


a 
on 
+ 
us 
“4 
= 
‘ 
a 
fy 
d 


224 BRENDA BIGLAND AND O. ©. J. LIPPOLD 


REFERENCES 

Assort, B. C, & AusErt, TNL gat Changes of energy in a muscle during slow stretches. Proc. 
"Roy Soc. B, 139, 104-117 

Axzsort, B. C. & Biotanp, B. (1953). The effecta of force and speed changes on the rate of oxygen 
consumption during negative work. J. Physiol. 120, 319-325. 

Assort, B. C., Bratanp, B. & Rrroum, J. M. (1952). The physiological cost of negative work. 
J. Physiol. 117, 380-390. 

Apzaiax, BE. D. & Brown, D. W. (1929). The discharge of impulses in motor nerve fibres. J. Physiol. 
67, 119-151. 

Brotanp, B., Lirroiy, 0. C. J. & Wauwon, A. M. (1953). The electrical activity in isotonic con- 
tractions of human calf muscles. J. Physiol. 120, 40-41 P. 

Brown, G. gy D. (1949). 
muscle. Proc. Roy. Soc. B, 136, 182-195, 

Hu, A. V. (1938). of Gyeamic constants of muscle. Proc. Roy. 
Soc. B, 126, 136-195. 

Kae ee: The relation between force and speed in muscular contraction. J. Physiol. 96, 


eres ©. C. J. (1952). The relation between integrated action potentials in a human muscle 
its isometric tension. J. Physiol. 117, 492-499. 


cai 0. C. J., Nayior, P. F. D. & Treapwet, E. E. E. (1952). A dynamometer for the 
human calf muscles. J. sci. Instrum. 29, 365-366. 


beg oo ypigaens The relation between force and velocity in human muscle. J. Physiol. 110, 


bos 
= 
J. 
Pe 
A 
] 
| 
¥ 
> 
\ 
; 
ods 
hy 
> 


J. Physiol. (1954) 123, 225-233 


A COMPARISON BETWEEN THE NUMBER AND DISTRIBUTION 
OF FUNCTIONING ECCRINE SWEAT GLANDS IN 
EUROPEANS AND AFRICANS* 


By M. L. THOMSON 
From the Department of Applied Physiology, London School of Hygiene and 
Tropical Medicine, and the Hot Climate Physiological Research Unit, 
Oshodi, Lagos, Nigeria 


(Received 15 April 1953) 


It is frequently stated that the coloured races have more sweat glands than 
white skinned races (Lewis, 1942; Rose, 1948). Some of the authors quoted in 
support of this view have failed to allow for variation between individuals, for 
example Glaser (1934) and Shibayama (1933) who studied one Negro only. 
Others report comparative studies on special types of sweat glands, for example 
Schiefferdecker (1921) and Homma (1926) who demonstrated on reasonably 
large samples that the large apocrine glands found in the axilla, pubes and 
other limited body areas were present in greater numbers in Negroes than in 
Europeans. Clark & Lhamon (1917) presented good evidence that the glands 
of the palms and soles were less dense in Europeans than in Negroes, Filipinos, 
Negritos and Hindus, although the differences between these races were partly 
due to variations in body-surface area. These palmar and plantar sweat glands 
are activated more by emotional than thermal stimuli, indeed they are 
frequently less than normally active during profuse general sweating (Kuno, 
1934). 
The widely distributed eccrine sweat glands are of much greater importance 
in survival, since they produce the watery secretion which provides, by evapora- 
tion, almost the only avenue of heat loss when temperatures of the air and 
surroundings exceed that of the skin. Aron (1911) stated that this eccrine 
sweat was produced by coloured races in a fine, even film. This was more 
efficient in thermo-regulation than the localized profuse sweating of Europeans 
which rapidly coalesced and ran off the skin. Robinson, Dill, Wilson & Nielsen 
(1941) and Wyndham, Bouwer, Devine & Paterson (1952) found that Negroes 
produced less sweat than Europeans for the same exposure, although Ladell 
(1951) and Robinson et al. (1941) agreed that Africans were capable of higher 
rates of sweating in very hot conditions. 
* Part of a thesis presented for the Degree of Doctor of Philosophy in the University of London. 
PH. OXXIII. 15 
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This alleged superiority of the Negro sweat apparatus might well be 
associated with a greater density and possibly more favourable distribution of 
eccrine sweat glands. 

METHODS | 
Sweat glands have been enumerated in the past by counting the acini or ducts after section of skin 
from cadaver or biopsy, or by making prints of the duct orifices, usually during activity of the 
glands. The difficulties of applying histological methods have been described by Clark & Lhamon 
(1917); preliminary trials by the author confirmed that these methods were not highly accurate 
and were impracticable on the scale required in racial comparisons of this nature. 

The ducts of sweat glands can be counted with great accuracy from blistered skin (Thomson & 
Sutarman, 1953) and a few results obtained in this way are quoted later in this paper. The skin 
is blistered with cantharides plaster (B.P.C.) and the cellular layers dissected from the stratum 
corneum leaving a clean under surface from which the eccrine sweat gland ducts project and can 
be counted (Fig. 2). 

The plastic-impression method (Sutarman & Thomson, 1952; Thomson & Sutarman, 1953) was 
used during the following comparison between thermally activated eccrine sweat glands in 
Europeans and Africans. Briefly, a solution of plastic is applied to the sweating test area. The film 
is detached with transparent adhesive tape after drying and reveals the presence of active sweat 
glands by holes or bubbles in the plastic (Fig. 1). In these subjects counts were made on | cm’ of 


each impression using an eyepiece micrometer. Scars and blemishes visible to the naked eye 
were avoided. 


Counts of sweat glands were made on the left side on eleven areas of all subjects as follows: 
(1) forehead, (2) upper chest, (3) lower abdomen, (4) scapula, (5) lumbar region, (6) arm (deltoid, 
anterior), (7) forearm (belly of brachio-radialis), (8) hand (dorsum), (9) thigh (mid-lateral surface), 
(10) leg (medial belly, gastrocnemius), (11) foot (dorsum). Sweating was produced by exposing 
the subjects in groups of two or three in a room having a controlled thermal environment of 100° F 
dry-bulb and wall-surface temperature, 90° F wet-bulb temperature and 50 ft./min air velocity. 
The effective temperature equivalent to these conditions is 91-5° F. The subjects exercised by 
stepping on a stool 1 ft. high 24 times/min for the first 10 min and later, while sweat glands were 
being recorded on other subjects, at one-half this rate, so that brisk sweating was maintained 
throughout the trial period. The mean metabolic cost of work and rest during approximately 1 hr 
exposure was 120-140 kcal/m*/hr, 

RESULTS 
The subjects used were twenty-one European and twenty-six African male 
hospital orderlies stationed in Nigeria. The Africans were natives of West 
Africa mainly from the Ibo tribe (14) but representing most of the main tribes 
of Nigeria. The physical characteristics « the two groups of. subjects are 
summarized in Table 1. 

The average loss of weight (mostly sweat), final rectal temperature, rise in 
rectal temperature and skin temperature on the chest vy thermocouple (three 
readings for each subject) are shown in Table 2. 

These measurements were made to assess the heat stress to which the 
subjects were exposed: they show significant differences between the two 
races which will be discussed later in this paper. 

The average numbers of sweat glands for eleven areas in both Europeans and 
Africans are given in Table 3. The analysis of variance was applied with greater 
validity to these figures in the logarithmic form because the scatter of area 
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counts was greater for individuals with high, than for those with low, mean 
counts; it is summarized in Table 4. A missing value for the arm in one subject 
was calculated by the standard method (Snedecor, 1946) and the degrees of 
freedom adjusted appropriately. 


Taste 1, Physical measurements of Africans and Europeans 


(means and standard deviations) 
Weight Height Surface area 
No. Age (kg) (cm) (m* Dubois) 
Africans 26 25-3 59-458 166-7 1-662 
(43°13) (47-04) (£823) - (+0139) 
Europeans 21 234 63-573 172-2 1-746 
(+631) (+843) (7-32) (+0146) 


Tase 2. Physiological effects in Europeans and Africans of exposure 
to heat during sweat-gland survey (means and ranges) 
Temperature (°F) 


Weight loss 
No. (g/m*/hr) Terminal rectal Rise in rectal Skin 


Europeans 21 


248-9 100-65 0-60 96-62 
(132-480) (99-7-102-1) (0-0-1-8) (94-8-97-9) 


Africans 26 181-7 100-28 0-44 97-32 
(121-262) (99-5-101 -0) (0-1-1-1) (95-9-99-1) 
Difference 67-2 0-37 0-16 —0-70 
8.8. of difference 17-5 0-14 0-11 0-15 
Probability < 0-001 <0-02 NS. < 0-001 


N.S. =not significant. 


The average numbers of sweat glands for all areas were 127-89 and 130-00/cm? 
in Europeans and Africans respectively. This difference was not significant. 
The variation between individual subjects was high, ranging from 87-7 to 
170-5/cm* in Europeans and 104-1 to 174-8/em? in Africans and was highly 
significant (P<0-001), as was also the variation between different areas 
(P<0-001). The variance ratio, 1-84, for race-area interaction was almost 
significant at the 5% level. This indicates a tendency for sweat glands to have 
a different regional distribution in Europeans and Africans. The order and 
grouping of area means were, however, substantially the same in both races, 
and, in view of the loss of precision involved in the calculation of the missing 
value, this has not been considered a real effect. 

Inspection of area means (Table 3, columns | and 2) indicates that forehead 
and dorsa of hand and foot have more sweat glands than the remaining areas 
studied, as was found by Kuno (1934) and Randall (1946). In order to be 
significant at the 5% level, differences between means should be greater than 
,/(2)¢ x standard error of the difference between means, where ¢ is the 5% value 
of the ¢ distribution at the number of degrees of freedom available for the 
error (449). Values of this expression in logarithmic form and the corresponding 
means of the logarithms of counts for each area for Europeans and Africans 
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combined are given in Table 3, column 4. In addition to confirming the signi- 
ficance of the greater density on forehead, and dorsa of hand and foot, this 
expression enables areas to be divided into groups in descending order of 
magnitude with the following group means: (1) hand, forehead (238-0/cm*), 
(2) foot (183-2/em*), (3) arm, forearm (113-4/cm*), (4) abdomen, scapula, 
lumbar region, thigh, chest, leg (88-2/cm*). Within these groups one mean does 
not differ significantly from others but the lowest mean in each group differs 
significantly from the highest in the next group. 


Tass 3. Regional distribution of sweat glands and output per gland 


Sweat glands (cm*) 
A Mean logy, Sweat* Sweat 
Mean Europeans Europeans output output 
and and (mg/min/ (mg/min/ 
Africans Africans Africans 100 om") ) 
Area (1) (2) (3) (4) (5) (6) 
Forehead 215-7 264-7 237-3 2-361 1173 0-005 
Chest 81-3 86-4 84-1 1-916 135-8 0-016 
Abdomen 103-3 96-3 99-4 1-979 85-8 0-009 
Scapula 87-7 93-5 90-9 1-951 76-1 0-008 
Lumbar region 89-3 86-2 87-6 1-933 61-3 0-007 
Arm 110-9 118-9 116-3 2-046 40-0 0-003 
Forearm 113-9 109-3 111-4 2-036 61-3 0-006 
Hand (dorsum) 240-0 240-3 240-2 2-378 0-001 
Thigh 86-1 84:3 85-1 1-920 71:3 0-008 
Leg 87-0 778 81-9 1-901 63-6 0-008 
Foot (dorsum) 193-9 174-6 183-2 2-248 33-6 0-002 
130-00 127-89 128-83 —_ 70-52 0-0066 
Least significant difference ./(2)¢ x 8.x. 0-033 


* Data of Weiner (1945). 


Tasie 4, Analysis of variance of logarithms of sweat-gland counts in Africans and Europeans 
Sums of Degreesof Mean Variance 
squares 


Source of variation square ratio Probability 

Between areas 15-41219 10 154122 228-66 0-001 

Africans versus Europeans 0-00014 1 0-00014 0-02 NS. 

1-12412 26 0-04496 6-67 0-001 

Europeans 1-05968 20 0-05298 7-86 0-001 

Race-area interaction 0-12424 10 0-01242 1-84 NS. 
Residual 3-02835 449* 0-00674 1-00 — 
Total 20-74872 515* 

=not significant. 


* 1 degree of freedom deducted because of missing value. 


In general, the size of holes in these plastic impressions, which is a rough 
measure of output of sweat, was inversely proportional to the number of glands 
per unit area; for example, the areas of holes on impressions of the chest was 
on the average 6-9 times greater than on the dorsum of hand. 

The question arises as to what extent these counts of functioning eccrine sweat 
glands represent the total number present. Using a radiant. heat cradle to 
produce sweating it was shown (Thomson & Sutarman, 1953) that the plastic- 
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impression method demonstrated at least 95% of the sweat-gland ducts 
present in test areas. Although in this investigation visible scars were avoided 
when taking impressions it was possible that slight scarring due to smallpox, 
chicken-pox or trauma may have rendered certain glands inactive. Two 
subjects in this series had poral closure indicated by the sudden appearance of 
papules at the time of onset of sweating and presumably caused by previous 
attacks of prickly heat. In one case papules were scattered diffusely over 
trunk and arms, sweating was erally impaired and sweat glands were 
abnormally scanty in number ack Chat distributed. Zones where sweat- 
gland activity was absent corresponded with markings of papules on the ‘ 
plastic impressions; this case was excluded from the series. The other case had 
an almost completely anhidrotic area on the left chest about 2 in. square 
covered with closely set papules resembling sago grains. Elsewhere sweat- 
gland counts appeared to be normal and the average count was second highest 
in the series. 

Another cause of spuriously low counts is sunburn (Thomson, 1951). One 
subject showed erythema on chest and arms when first examined; when re- 
examined 1 month later higher counts were obtained on several areas. 

There is some indirect evidence that these counts based on functioning gland 
ducts are proportional to the total anatomical counts. In twenty-three sub- 
jects (nineteen Africans and four Europeans) pieces of blister skin removed 
from the hip during another investigation were of such a size as to permit 
accurate estimates of the numbers of sweat-gland ducts (Fig. 2). The average 
for these twenty-three subjects was 71-6/cm* as compared with 93-8/cm? for 
eight areas (excluding forehead, hand and foot) and 87-3/cm? for the lumbar 
area which was situated nearer to the hip than any other single area investi- 
gated. The correlation coefficient between accurate hip counts and average for 
eight areas was r=0-638, and for the lumbar area r =0-618; both correlations 
are significant at the 1% level. 

The theory is advanced by Kuno (1934) that eccrine sweat glands are not 
formed after birth, so that their density per unit area progressively decreases 
with growth. Support for this theory was obtained from a preparation of 
stratum corneum of the hip of an infant about 1 year old which had 796 sweat 
glands/cm® or 8-10 times that of an adult. The increase in surface area from 
1 year to full growth is of the order of 5-5 times (Boyd, 1935). The high in- 
dividual variability in adults might, on this assumption, be caused by varia- 
tions in size, larger surface areas being associated with smaller counts and vice 
versa. A significant inverse relationship was in fact found for average sweat- 
gland density for eleven areas versus surface area in the forty-seven subjects 
(r= —0-425; P<0-01). 

In relation to efficiency of evaporative heat loss the number of sweat glands 
per unit area is of greater importance than the total number of sweat glands 
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present on the body surface. Statistical analysis shows that no significance can 
be attached to the difference between grand averages of sweat glands, 
130-00/cm* for Europeans and 127-89/em* for Africans, It is, however, of 


Fig. 1. Plastic GF TIA grooves ond holes 
caused by activity of eccrine sweat glands. 


Fig. 2. Under surface of a sheet of stratum corneum (African) from blistered skin (cantharides) 
: showing skin grooves, pilo-sebaceous follicles (drumstick shape) and eccrine sweat-gland 
ducts (numerous ringed spots). These project to the eye of the observer. 


interest that this difference (2-11/cm*) is of the same order and direction as that 

which would occur if both Africans and Europeans had been endowed with 

the same total sweat glands at birth. The regression coefficient of sweat glands 

upon surface area for forty-seven subjects is — 28-12. If this is multiplied by 

the difference between mean surface area for Africans and Europeans (0-084/cm?, 
Table 1), —2-36 glands/cm? is obtained. 
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DISCUSSION 


Although the eleven sample areas have been named as above for convenience 
the mean sweat-gland densities are not necessarily representative of, and can- 
not be validly weighted by, the surface areas connoted by these names. The 
high sweat-gland density on the dorsum of hand extends for an unknown 
distance over the distal forearm and the sample for the arm probably represents 
part of the chest. High sweat-gland densities have been reported on the scalp 
(Kuno, 1934), and therefore the value for the forehead may be appropriate to 
a large proportion of the surface area of the head. In view of the high in- 
dividual variability it is exceedingly unlikely that any form of weighting 
which might be reasonably applied to area means would discover a significant 
difference between Africans and Europeans in the general level of sweat-gland 
densities. 

In the few instances where differences in the mean relative size of body parts 
in the two races have been reliably established, for example the greater length 
of upper limb in whites compared with the lower limb, the magnitude of such 
differences is so small, and the overlap in the distributions so great, that they 
may be neglected in the present investigation. 

In view of the great individual variability in numbers of sweat glands it is 
clear that comparison between the two races can only be made on a large 
number of individuals. In this respect conclusions based on a study of two or 
three individuals, for example those of Shibayama (1933) and Glaser (1934) 
based on one Negro, are of little value. 

The superior efficiency of the African’s sweat apparatus in producing a fine 
even film of sweat alleged by Aron (1911) and other authors does not appear to 
be associated with greater density of sweat glands. 

The value to the individual of the regional sweat-gland distribution found 
here is not apparent. From the point of view of body heat loss it might have 
been expected that more sweat glands would have been present on the limbs 
than trunk, since, although surface temperature on the limbs is lower, these 
have a greater surface area per unit mass of tissue. The simple average of arm 
and forearm means (112-4/em*) exceeds that for the trunk (90-4/cm*), but this 
figure is greater than that for thigh and leg (86-6/cm’). 

Heat dissipation would be favoured by greater sweat-gland density on the 
upper parts of the body because air movement is usually greater there, and 
because unevaporated sweat from above will augment that from lower areas. 
Area counts do not fit this hypothesis in orthograde or pronograde positions. 
In contrast, Weiner’s (1945) figures for regional sweat production (reproduced 
in Table 3, column 5) show in general a marked descending gradient in output 
from upper to lower trunk and from thigh to foot. It was noted above that the 
size of holes in plastic impressions indicated considerable variability between 
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areas in sweat produced per gland which would tend to counteract the effect 
of variations in sweat-gland densities on regional sweat production. The out- 
put per gland has been calculated from the two sets of data (Table 3, column 6) 
and shows a wide fluctuation from a maximum of 0-016 mg/gland/min on the 
chest to a minimum of 0-001 mg/gland/min on the dorsum of hand. Apparently 
a distribution favourable to body heat dissipation has been achieved in spite 
of a somewhat irrational distribution of glands which may have arisen as the 
result of unequal growth of surface area of the body regions. 


Reactions to heat in the two races 

According to Ladell (1952) it cannot be argued that, since the Africans and 
Europeans had similar duties in the hospital wards, they had the same degree 
of acclimatization to heat. It is, nevertheless, difficult to explain the differences 
in reactions to heat stress in the two races (Table 2) on the basis of acclima- 
tization. The lower sweat loss of the Africans which, as indicated above, has 
been noted by other authors, is not necessarily a disadvantage since, in this 
moderately humid climate with low air movement, more sweat is usually pro- 
duced than is required for evaporative heat loss. Since the Africans have a 
significantly lower terminal rectal temperature than the Europeans, the lower 
sweat loss may be looked on as an economy of fluid and electrolyte. 

Previous measurements on the relative skin temperatures of the two races 
on exposure to heat are scanty and inconclusive (Robinson ef al. 1941; Aron, 
1911; Freer, 1912). The small but highly significant difference found here, 
0-7° F higher for Africans than Europeans (in so far as these measurements on 
the chest may be considered as applying to the whole skin surface) favours the 
Africans with respect to evaporative heat loss to the environment. The lesser 
thermal gradient from the core of the body to the surface (2-96° F as compared 
with 4-03° F for the Europeans) indicates readier passage of heat outwards. 
In every respect, therefore, these figures indicate greater efficiency of the 
African’s heat-dissipating mechanism. 


SUMMARY 


1. The number and distribution of thermally activated eccrine sweat 
glands have been compared in twenty-one European and twenty-six African 
males from plastic impressions of the skin of eleven body areas. 

2. The two races were not found to differ significantly either in average 
density or in regional distribution. In both races sweat-gland densities fell into 
groups with the following means: (1) hand, forehead (238-0/em*), (2) foot 

183-2/em*), (3) arm, forearm (113-4/cm*), (4) abdomen, scapula, lumbar 
region, thigh, chest, leg (88-2/cm?). 
3. abseinad. between accurate oounte of eweet- 
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gland ducts in the stratum corneum of the hip in twenty-three individuals and 
the areas tested by the plastic-impression method. 

4. During the survey of sweat glands, Africans had on the average a lower 
rate of sweating, a lower terminal rectal temperature and a higher skin 
temperature than Europeans. All three measurements are consistent with a 
more efficient heat-dissipating mechanism in the Africans. 


My thanks are due to the Colonial Medical Research Council for a grant, to Prof. G. P. Crowden 
of this Department, and to Dr W. 8. 8. Ladell, Director of the Hot Climate Physiological Research 
Laboratory. The Director-General of Army Medical Services, and Lt.-Col. A. L. Pennefather, 
R.A.M.C., kindly provided the experimental subjects. Dr P. Armitage of the Medical Research 
Council’s Statistical Research Unit carried out the analysis of variance. 
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RECOVERY OF DEGENERATING MAMMALIAN NERVE AFTER 
PROLONGED STIMULATION 


By G. CAUSEY anp C. J. STRATMANN 


From the Departments of Anatomy, the Royal College of Surgeons of 
England, and University College, London 


(Received 18 June 1953) 
When large numbers of closely succeeding stimuli are applied to a mammalian 


nerve with intact blood supply, the conduction time of the compound action 
potential is increased. The return of the conduction time to normal and the 


effect of the blood supply on this recovery have been reported in previous 


papers (Causey & Schoepfle, 1951; Causey & Stratmann, 19534, 6). The purpose 
of the present investigation was to study the behaviour of degenerating nerves 
under the same conditions. 7 

In previous work (Causey & Stratmann, 19536; Causey & Palmer, 1952, 
1953) we have related failure of conduction and the centrifugal course of this 
failure to the increasing area of the non-myelinated axoplasm at the node of 
Ranvier. The recovery of degenerating nerve fibres after prolonged repetitive 


stimulation indicates that the ability of a nerve to recover is not greatly . 


changed until such time as it ceases to conduct. 


METHODS 


Rabbite of about 2-5 kg were used for alk¢peMmente. The operation of sectioning the tibial nerve 
in the region of the pelvic notch, under asepti¢ conditions, while leaving the blood supply intact, 
has been fully described (Causey & Stratmann, 19535). The animals were allowed to recover. 
After periods of 24-60 hr the animals were anaesthetized with urethane, and the degenerating 
portion of the tibial nerve was stimulated in the middle, the action potentials being recorded at 
the two ends in vivo by the method previously described (Causey & Stratmann, 19534). The 
nerves were stimulated for 2 hr at a frequency of 600/sec. The stimulus strength was supra- 
maximal at the beginning of each experiment. One hour was allowed for recovery during which 
time the response of the two ends of the nerve to single stimuli was examined periodically. 

As before (Causey & Stratmann, 19534) the change of conduction time of the fastest fibres, 
measured from the end of the stimulus artifact to the initial rise from the base-line of the negative 
wave of the transmitted compound action potential, was used as an index of fatigue and recovery- 
The changes of conduction time are expressed as percentages of the initial conduction time at the 
beginning of each experiment. In all experiments the greatest care was taken to ensure as little 
interference as possible with the blood supply to all parts of the nerve under examination. 
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To discover at what time after section neuromuscular transmission ceased, a preparation of the 
medial head of the gastrocnemius muscle and the nervus gastrocnemius medialis (¥.G.M.) was used. 
The animals were anaesthetized with urethane and the small nerve was dissected free from the 
main tibial trunk along a length from about 1 om distal to the pelvic notch to its point of entry 
into the muscle, The nerve was stimulated with single shocks at its proximal end and the nerve 
action potentials recorded 3 cm distal to the position of the stimulating electrodes. The muscle 
potentials were recorded using two needle-shaped Ag/AgCl electrodes pushed into the body of the 
muscle, The action potentials in the nerve and muscle were recorded when the nerve was stimu- 
lated and the muscle potentials were also recorded when the muscle was stimulated directly. 
Recordings taken in this way were made at periods of 0, 24, 30 and 40 hr after section of the nerve. 

In spite of the gross interference with the normal blood supply due to dissection of the n.c.m. 
from the main tibial trunk there remained a good vascular supply in the substance of the nerve 
itself as evidenced by substantial oozing of blood when the nerve was cut at the end of each 
experiment. The results were therefore not considered to be vitiated by inadequate blood supply 
to the nerve during examination. 

In an attempt to show that the peripheral spread of failure of conduction in degenerating nerve 
could not be explained simply by failure of conduction spreading from the site of section, several 
experiments were carried out in which the tibial nerve was sectioned, both in the region of the 
pelvic notch and at the level of the ankle. After 48 hr the nerve was removed from the anaes- 
thetized animal and the action potentials recorded at the two ends in vitro using the method 
described by Causey & Stratmann (19535). \ 


RESULTS 


Recovery after stimulation of degenerating nerve 
The tibial nerve of rabbits has been cut and allowed to degenerate in vivo for 
periods of 24, 40, 48 and 60hr. It had previously been shown that up to 
6-8 hr, provided the blood supply to the two ends of the nerve is intact, lack 
of continuity with the cell body has no effect on recovery after fatigue under 
similar conditions as obtain in these experiments (Causey & Stratmann, 19535). 
After degeneration the nerves were stimulated for a period of 2 hr at 600/sec. 
A recovery period of 1 hr has been allowed. Fig. 1 shows the results of a typical 
series of experiments, and Table 1 shows the increase in the conduction time 
as compared with that at the beginning of the experiment. These results show 
that after prolonged stimulation had produced an increase in the conduction 


TaBLe 1. Effect of stimulation and recovery on conduction time in the proximal and distal sec- 
tions of the tibial nerve after degeneration. Data from the experiments illustrated in Fig. 1. 
Conduction times after stimulation and recovery are given as multiples of initial conduction 
times 


Duration of 


hr) 
24 
40 
48 
60 


Initial conduction After After 
time (msec) stimulation recovery 
Prox. 0-35 1-15 1-0 . 
Dist. 0-20 1-70 10 | 
Prox. 0-30 1:30 1-0 
Dist. 0-30 1-80 1-0 4 
Prox. 0-45 1-55 10 
Dist. 0-30 2-2 1-0 
Dist. 0-35 1-86 1-0 
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time, recovery was complete in each case up to the time when conduction fails. 
Although the records shown were taken 1 hr after the cessation of rapid 
stimulation it was observed that recovery was usually complete within 
15-20 min, even after 60 hr had been allowed for degeneration. In these 
experiments conduction time has been used rather than conduction velocity 
for the reasons given in a previous paper (Causey & Stratmann, 1953a). In 


Proximal Proximal 


B 
Cc 
60 hr 


48 hr 


Fig. 1. Oscillographic records of the action potentials obtained from the proximal and distal ends 
of degenerating tibial nerves of rabbits obtained in vivo and with intact blood supply. 
A, at the beginning of the experiment; B, immediately after the cessation of rapid stimula- 
tion at 600 stimuli per sec for 2 hr; CO, after 1 hr had been allowed for recovery. Periods of 
degeneration: 24, 40, 48, 60 hr. Distal potentials only at 60 hr. Note complete recovery of 
conduction time in each case. Time base 5000 c/s. 


the experiments illustrated in Fig. 1 the distances between the stimulating and 
recording electrodes varied a little for each experiment, but were 3-5 cm at the 
proximal end and 2-3cm at the distal end. Gutmann & Holubéf (1950) found 
that during degeneration, conduction velocity of the fastest fibres showed only 
a small decrease up to the time of failure of conduction. 

The degree of fatigue in these cases is only assessed in relation to the increase 
in conduction time and cannot be directly correlated with the number of 
stimuli unless it could be proved that all the stimuli are transmitted. How- 
ever, by examining the recovery of a nerve whose conduction time is increased 
it is possible to assess whether such a nerve, although some of its fibres have 


a 
I 
I 
] 


> 
: 
} 
{ 
a” ~ 
“\ 
40h 
q 
J 
ie 
a 
\ 
‘ 


RECOVERY OF DEGENERATING NERVE 237 


already ceased to conduct, is able to show a return of the conduction time of 
the fastest fibres. 


The tibial nerve sectioned at both ends 


Fig. 2 shows the records of the diphasic compound action potentials 
obtained in vitro at the two ends of the tibial nerve of the rabbit which has been 
allowed to degenerate for 48 hr after nerve section in the region of the pelvic 
notch and at the ankle. Similar records are also shown in which the nerve had 
been sectioned only at the pelvic notch and allowed to degenerate for 48 hr. 
Examination of Fig. 2 shows that similar changes have occurred in the two 


Proximal Distal 


B 
Fig. 2. Oscillographic records of the transmitted compound action potentials at the proximal and 
distal ends of the (48 hr) degenerating portion of the tibial nerve of the rabbit in vitro. The 


records marked A were obtained from a nerve cut at the proximal end only. Those marked B 
obtained from a nerve cut at both proximal and distal ends. Time base 5000 o/s. 


nerves, The proximal potential can be seen to have diminished considerably 
in comparison with the distal potential or the proximal potential from a normal 
nerve (Causey & Stratmann, 19535). Similar results were obtained in five 
animals examined. 


Failure of neuromuscular transmission during the early stages 
of degeneration 

Fig. 3 shows the action potentials obtained from the gastrocnemius nerve 
and the medial head of the gastrocnemius muscle when the nerve was stimu- 
lated. Records are also shown of the action potentials obtained when the 
muscle was directly stimulated. These records were obtained during the course 
of degeneration of the nerve sectioned in the region of the pelvic notch. It can 
be seen from the records in Fig. 3 that neuromuscular transmission is un- 
affected up to approximately 30 hr. At this time it was observed that only 
a small number of fibres were still causing contraction in the muscle, although 
on direct stimulation of the muscle a large action potential was obtained. 
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After 40 hr a large action potential could be obtained from the nerve on 
stimulation of the nerve and from the muscle on stimulation of the muscle. 
Stimulation of the nerve would, however, no longer produce an action potential 
in the muscle. Five animals were examined at each time and similar results 
to those illustrated were obtained. 


A B c 


(1) (2) 


Fig. 3. Oscillographic records of the action potentials obtained from the degenerating nervus 
gastrocnemius medialis and the medial head of the gastrocnemius muscle. A, potential from 


the nerve; B, from the muscle when stimulated through the nerve; C, from the muscle on . 


direct stimulation. Nerve degenerated from 0 to 40 hr. Note complete failure of trans- 
mission of the impulse acroes muscle end plate between 30 and 40 hr after nerve section. 
Time base (1) 5000 c/s (nerve potentials); (2) 2000 c/s (muscle potentials). 


DISCUSSION | 
In a previous paper (Causey & Stratmann, 1953a) we showed that, provided 
the blood supply of the tibial nerve was intact, severance of the axon from its 
cell body produced no difference in the ability of the nerve to recover from 
stimulation over periods of 6-8 hr after nerve section. 

Our present results indicate that when a nerve is cut and allowed to 
degenerate in vivo for periods of 24-60 hr and then stimulated under the same 
conditions as in our previous experiments, it will recover from the effect 
produced by fast stimulation. Recovery from fatigue is, in fact, not greatly 
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impaired by degeneration. This finding seems further to support the view that 
the mechanism responsible for the conduction of the impulse can be largely 
dissociated from the mechanism of the recovery process. 

This emphasis was clearly made by Hill (1932). Heinbecker (1929) and 
Gerard (1930) showed the close relation between oxygen deprivation and in- 
crease of the refractory period. Heinbecker considered that ‘refractoriness 
varies with the available oxygen supply’ and that the refractory period is a 
‘true index of the nerve’s metabolic state’. Erlanger & Schoepfle (1946) 
showed that in degenerating phrenic nerves the relative refractory period was 
increased but that the increase was only small and that there was also only 
a small increase in the fatiguability during the first 72 hr of degeneration. 
Doty & Gerard (1950) postulated a large metabolic reserve over and above the 
immediate requirements of the nerve for the recovery process. When a nerve 
is treated with certain metabolic inhibitors (Doty & Gerard, 1950; Hodgkin & 
Keynes, 1953) this reserve could be diminished, but until almost complete 
removal of oxygen has been attained there is still enough energy available to 
enable the nerve to recover after the passage of an impulse. Hodgkin & 
Keynes (1953) conclude ‘that the recovery process of cephalopod axons can 
be dissociated from the mechanism responsible for conduction of impulses. . .’. 

Our previous findings (Causey & Stratmann, 19536; Causey & Palmer, 1952, 
1953), taken in conjunction with those recorded here, seem to show that in 
myelinated nerve fibres the failure of conduction is associated with a retraction 
of myelin from the nodes of Ranvier, and that while this process is going on 
there is no appreciable alteration in the recovery process, probably because 
the metabolic reserves, although diminished, are still sufficient for the very 
small requirements of the nerve. 

The failure of conduction at the neuromuscular junction during degeneration 
has not been so closely studied as the failure of neuromuscular transmission 
from fatigue. Histological studies were made by Tello (1907) and Cajal (1928). 
Titeca (1935), Liss&k, Dempsey & Rosenblueth (1939) and Eyzaguirre, 
Espildora & Luco (1952) studied the failure of neuromuscular transmission. 
Their figures tend to give a longer period before neuromuscular failure than do 
our experiments in the rabbit. But it does appear from our observations that 
failure of neuromuscular transmission, while occurring before failure of con- 
duction in the nerve trunk, does not in fact occur until substantial changes 
have already occurred in the nerve itself (Causey & Palmer, 1953; Causey & 
Stratmann, 19535). 

SUMMARY 

1. In degenerating mammalian nerve prolonged fast stimulation produces 
an increase in the conduction time. The recovery of the conduction time to its 
original value after the cessation of stimulation does not seem to be impaired 
by the degeneration up to the time of failure of conduction. 
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2. The centrifugal course of failure of conduction during degeneration was 
found to be the same whether the nerve was sectioned at both ends or at the 
proximal end only. 

3. The time of onset of failure across the neuromuscular junction was 
examined. It was found that complete failure of conduction at the neuro- 
muscular junction occurs between 30 and 40 hr after nerve section. 

4. Theresults lend support to the hypothesis that the mechanism responsible 
for the propagation of the impulse can be largely dissociated from the processes 
related to recovery. They are considered also to support the view that failure 
of conduction during the early stages of degeneration may be correlated with 
the observed retraction of myelin from the nodes of Ranvier. 
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THE SENSORY INNERVATION OF THE MEDIAL 
LIGAMENT OF THE KNEE JOINT 
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From the Department of Physiology, University College, Dundee, 
University of St Andrews 


(Received 30 June 1953) 


Proprioception at the knee joint is not easy to explain on account of the 
difficulty in estimating the influence of muscular contraction on the inflow of 
sensory nerve impulses from endings located in the joint. The tension in the 
muscles is certainly disturbed by the anaesthetic necessarily employed during 
experimental work and, apart from passive movements produced by externally 
applied forces, the production of normal joint movements is difficult. 

To avoid these difficulties, this work began with a search for a part of the 
knee joint unconnected to skeletal muscle which might be a source of pro- 
prioceptive information. Two sites seemed promising, the collateral ligaments 
and the cruciate ligaments. The medial ligament was chosen for the first trial 
because it is readily accessible and, as is well known, it is subjected to tension 
which increases during joint extension. Some initial experiments on the 
medial ligament have already been described (Andrew & Dodt, 1953). 


METHODS 
The experiments were performed on cats, rabbits and rats. The cats were anaesthetized with 
chloralose, given intravenously, 80 mg/kg body weight. The rats and rabbits were anaesthetized 
with urethane, given intraperitoneally as a 25% (w/v) solution, 5 ml./kg body weight. 

The isolated ligament preparation. In the cat the medial ligament with its sensory nerve supply 
was exposed by removing part of the overlying sartorius muscle. The sensory fibres to the ligament 
are included in a slender nerve which runs close to the genu suprema artery as it passes over the 
surface of the vastus medialis muscle as described by Gardner (1944). In the rabbit the sensory 
fibres may course to the posterior part of the capsule and join the trunk of the posterior articular 
nerve. The rat was found to be unsuitable for this dissection. The ligament, together with a very 
narrow strip of capsule on either side and a short length of the genu suprema artery, was dissected 
free from the joint. Care was taken to detach the ligament as close to its bony attachment as 
possible. Threads were then tied to both ends of the ligament and the preparation was suspended 
in a bath of Locke’s solution. The connective tissue around the artery was dissected under a 
binocular microscope to reveal the medial articular nerve which may occur in two parallel fila- 
ments. About 1 cm of the nerve was dissected free and a thread of silk a few millimetres long tied 
to the cut end. 
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Recording. The prepared nerve was placed on silver wire electrodes which were bound with a 
single layer of silk thread wound spirally to maintain a layer of Locke’s solution on the surface of 
the wire. The electrodes and the nerve were kept below the surface of the bath except when 
recording was taking place. The electrodes were connected to a conventional capacity-coupled 
amplifier and thence to cathode-ray oscillographs and a loud-speaker. The action potentials were 
recorded on moving bromide paper. 

Stimulation of the ligament. Tension was applied to the ligament through the attached threads. 
Steady tensions were produced by means of weights. Rapidly increasing tensions were generated 
electrically : steep fronted tension pulses were applied to the ligament by a moving-coil stimulator 
(vibration generator: Goodmans Industries Ltd. type V 47) driven from a storage battery. 

Temperature. The temperature of the bath was measured with a resistance thermometer. This 
consisted of a thermistor (Standard Telephones and Cables Ltd. type F) in series with a 0-200 nA 
meter and battery. The thermosensitive tip of the thermistor was placed close to the preparation 
in the bath. The bath was heated from beneath by an electrically screened hotplate. 

Stimulation of the ligament in situ. In a few experiments the distal end of the ligament was 
detached from the tibia and a thread tied to the severed end. Various tensions were applied to the 
thread and action potentials recorded in the usual way. The value of the applied tension was 
recorded simultaneously on the bromide paper by the position of a light spot focused on the 
cathode-ray tube face. The light spot was controlled by an optical manometer built into the 
oscillograph camera. The tension in the ligament was converted into terms of air pressure by means 
of a tambour at the preparation and transmitted by means of an air link to the optical manometer. 

A number of attempts were made to use the rat for this type of experiment but without success. 
_ Many sensory fibres from the medial part of the joint were examined but fibres serving the media! 
ligament were not detected. 

Histology. The morphology of the nerve endings was studied with methylene blue. In most 
experiments the ligament was stained by immersion. Generally speaking, staining by perfusion 
of the blood vessels is to be preferred, but this method is ruled out when dissection has disturbed 
the blood supply to the ligament or where the isolated ligament preparation has been employed. 
The staining solution contained, per 100 ml., 0-8 g NaCl, 0-16 g MgBr,, 0-02 g methylene blue, 
0-2 g glucose, dissolved in distilled water. When the ligament was stained by perfusion, 15 ml. of 
warm staining solution was injected slowly through a cannula tied into the distal end of the femoral 
artery. Fifteen minutes later 10 ml. of a second solution was injected. This second solution was 
similar in composition to the staining solution except that the methylene blue was omitted. The 
ligament was then cut out, placed in a shallow dish containing the second solution and trimmed 
under a dissecting microscope. Where the ligament was stained by immersion, it was cut out and 
placed in the staining solution for 15 min at 37° C. It was then transferred to a shallow dish con- 
taining the second solution and observed under a dissecting microscope until thc desired colour 
contrast between nervous and connective tissue was produced. The stained tissues were fixed in 
saturated ammonium molybdate solution for 12 hr. They were then washed in distilled water 
(with mild agitation) for 1 hr, cooled to about 5° C and then dehydrated in cold absolute alcohol 
in the refrigerator at 0-3° C for 3-12 hr. The tissues were then transferred to ice-cold xylol and 
allowed to warm to room temperature. When they had cleared they were mounted in p.P.x. It 
usually took several days for the mounting medium to penetrate evenly through the ligament. 
Microphotographs were taken in orange-coloured transmitted light using Ilford filter Micro 5. 


RESULTS 
The rsolated ligament preparation of the knee-joint of the cat 
The unstretched ligament. There was no resting discharge in large fibres when 
the hgament was not subjected to longitudinal tension. Sometimes a small 


fibre discharged regularly at a low frequency (10 impulses per second), but it 
was not influenced by any of the stimuli employed. 
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The effect of tension. Steady tension applied to the ligament produced slowly 
adapting discharges in one or two large rapidly conducting fibres. In one 
experiment a constant tension was applied for 30 min and the ending dis- 
charged nerve impulses steadily throughout this period, apart from the initial 
decline in frequency during the first few minutes. Text-fig. 1 shows the proper- 
ties of one of these endings. These curves are similar to those published earlier 
(Andrew & Dodt, 1953) which were derived from a similar experiment in which 
steady tensions were applied to the distal end of the medial ligament of the cat, 
that is, from an experiment in which the joint was intact apart from dissection 
of part of the sartorius muscle and detachment of the ligament from the tibia. 
The sensitivity of the endings varied widely between different preparations 
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Text-fig. 1. The response of a single end organ in the isolated ligament preparation to steady 

tension. The tensions employed were: A, 5g; HH, 10g; @, 20g; Y, 30g. 
and, of course, the ligaments themselves varied in size from cat to cat. In 
a single experiment rapidly developing tensions of up to 200 g were applied to 
the ligament by means of a moving-coil stimulator fed with direct current 
pulses of 0-5 sec duration. This type of stimulation revealed the presence of 
rapidly adapting endings which discharged 2—5 impulses in 0-03 sec only at 
the onset and release of the applied tension. 

The effect of temperature. The effect of temperature on the fully adapted dis- 
charge frequency from an ending is shown in Text-fig. 2. As will be seen the 
ending is sensitive to temperature, a fall of 10° from 37 to 27° C producing 
a fall of 35% in the discharge frequency. A feature of these endings at body 
temperature is their very regular discharge frequency. Below 20° C, however, 
the discharge tends to become irregular and the impulses become grouped 
between impulse-free intervals. Text-fig. 3 shows a comparison between the 


discharge of an ending at 37, 25 and 15° C. ‘i 
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Reliability of the isolated preparation. Eleven isolated ligament preparations — 


of the cat knee joint were made and of these five responded to tensions applied 
to the two ends of the ligament. The remaining six had slowly adapting endings 
in the fragment of capsule which joined the ligament to the main sensory trunk 
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Text-fig. 2. The effect of temperature on the discharge frequency from a single fully adapted 
tension-sensitive ending in the isolated medial ligament preparation. A steady tension of 
20 g was maintained throughout the experiment. 


Text-fig. 3. Records showing the effect of temperature on the discharge of nerve impulses from 
@ receptor in the isolated ligament preparation. The receptors are fully adapted to a tension 
of 20 g. The time marker interval is 0-2 sec. Ligament temperatures were (A) 37° C, (B) 25° C, 
(C) 15° C. 


of the medial articular nerve, and these could be stimulated by distorting the 
capsule tissue, The properties of these endings in the capsule did not appear 
to differ from those on the ligament except that they were more sensitive to 
applied tension. This was not surprising since the connective tissue in which 
they were embedded was much less robust than the ligament. Subsequent 
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histological examination showed that the sensory fibres from the ligament had 
been accidentally severed in at least one of the preparations which proved 
insensitive to tension. 

All the preparations survived without any marked deterioration for 12 hr, 
and oxygenation, apart from that provided by diffusion from the air into the 
bath, did not appear to be necessary. 

Stimulation of the ligament in situ 

The hgament was stimulated in situ in four experiments. Three cats and one 
rabbit were used. In all these experiments, alterations of tension in the 
ligament produced modulation of the discharge frequencies in the articular 
nerves. In the cat, there is minimal activity in large fibres of the medial nerve 
when the joint is about half-way between flexion and extension and the 
features of the discharge have already been described (Andrew & Dodt, 1953). 
If the joint is extended so that several fibres are discharging and then the 
ligament is detached from the tibia, the discharge is immediately reduced. It 


Text-fig. 4. Direct stimulation of the ending zone on the superficial surface of the medial ligament 
with a wooden probe. The lowest black line signals the period of application of probe 
pressure. 


may be restored by either of two manoeuvres, either by pulling on the cut end 
of the ligament or by applying pressure to certain zones on the superficial 
surface of the ligament. The latter may only stimulate a single unit. Text-fig. 4 
shows the result of stimulating an ending on the superficial surface of the 
ligament by pressure from a blunt wooden probe. This is a potent method of 
stimulation since slight pressures on the ending zone will produce impulse 
frequencies corresponding to maximal stimulation of the ending by ligament 
tension, Frequencies up to 300/sec have been recorded and these were main- 
tained at this level for 0-03 sec. Some endings were in a condition of zero 
stimulation when there was a positive tension in the ligament, and these were 
stimulated either by a fall or a rise in tension. Text-fig. 5 shows the discharge 
from such an ending. The pause in the discharge occurs during a rise in tension 
and so is a different effect from the well-known pause produced in a slowly 
adapting sensory ending when the stimulus is reduced to a new level. This 
latter effect is attributed to post-excitatory depression. Text-fig. 6 shows the 
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discharge frequency in terms of tension applied to the detached end of the 
ligament. This graph applies to a rising phase of tension. The tension cor- 
responding to zero stimulation was shifted downwards temporarily after a 
vigorous stimulation of the receptor zone with a probe. Endings of this type 
were not observed in the isolated ligament preparation. 
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Text-fig. 5. Response of a tension-receptor to a rise of tension from 0 to 200 g. There is a pause in 
the discharge over a range of 5-90 g. The arrow indicates a fibre which discharged three or 
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Text-fig. 6. Nerve impulse discharge characteristic of an ending found in the in situ 
preparation. This is a similar ending to that of Text-fig. 5. 


Histological results 

Ten medial ligaments from the cat and two from the rabbit were stained by 
immersion in methylene-blue solution. The particular method used produced 
good staining of the endings and the nodes of the large myelinated fibres, but 
the axons of the largest fibres were very faintly stained. The axons of the 
smaller myelinated fibres were well stained. All the myelinated fibre endings 
lay on the superficial surface of the ligament. The deep surface was devoid of 
nerves. A few small fibres penetrated into the body of the ligament accom- 
panied by small blood vessels. The larger myelinated fibres ended on the 
ligament in one of two forms. The first was an ending which resembled the 
Golgi tendon-organ; this is referred to hereafter as the Golgi type ending. The 
second was a connective tissue ending similar to that described by Gardner 
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(1944) in the joint capsule of the cat. This is referred to hereafter as a Ruffini 
type ending. The smaller myelinated fibres formed simple naked axon endings 
and these were often associated with blood vessels or formed endings close to 
the more complicated endings. No Pacinian corpuscles were seen. 

The Golgi type endings. There was a variable number of endings of this type 
on a ligament, usually one, but as many as seven were seen on one ligament. 
The parent axon sometimes divided dichotomously to produce two or four 
very short myelinated limbs which after a single internode length gave rise 
to the ending (see Pl. 2, fig. 2). Alternatively, the axon at its final node gave 
rise to as many as five non-myelinated fibres simultaneously and these formed 
the ending. An example of this is shown in PI. 1, fig. 1. All Golgi type endings 
were found to be closely applied to the surface of the bundles of dense con- 
nective tissue which form the ligament and consisted of a mass of densely 
staining plates or varicosities connected together by very slender filaments. 
Owing to the shape of the bundle, the ending has a long axis parallel to the 
ligament. The dimensions of nine of these endings, together with the diameter 
of their parent axons at a point close to the ending, is given in Table 1. Length 
in the table refers to the axis parallel to the fibres of the ligament. No 
allowance has been made for the shrinkage of the tissues during histological 
processing. Examples of this type of ending are shown in PI. 1, fig. 1, and 
Pl. 2, figs. 2-4. The endings vary greatly in complexity as is shown by a com- 
parison of figs. 3 and 4 in Pl. 2. Smaller myelinated fibres forming free nerve 
endings are found in the more complicated endings of the type shown. This 
ending was not found in the marginal capsule. 


TaBLE 1. Dimensions of nine Golgi type endings found on the medial ligament 


Parent fibre 
Ending Length Breadth () size 


wo 


The Ruffini type endings. The parent axons for these endings are about the 
same size (6—11,:) as those serving the Golgi type endings. The axon may 
divide dichotomously once or twice close to the ending and the short 
myelinated limbs so produced give rise to the ending after a single internode. 
Alternatively, simultaneous multiple division may occur at the terminal node 
as is seen in Pl. 1, fig. 2. This ending was found just superficial to the ligament 
and in the marginal capsule. The ending is distinct from the Golgi type 
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because it does not form a thin plate of neural tissue closely applied to a 
bundle of connective tissue but is in the form of a body enclosed by a faintly 
staining membrane which is filled with darkly staining granules and filaments. 
When correctly stained the membrane appears pale pink and the granules and 
filaments are dark blue. The shape of the body is variable, but where it over- 
lies the ligament it may be a long cylindrical end bulb whereas in the marginal 
capsule it is usually more globoid. A small accessory fibre is sometimes present. 
More than one ending may be connected to a single fibre. Pl. 1, fig. 2, and 
Pl. 2, fig. 1, show examples of these endings. 


DISCUSSION 


A consideration of the possible explanations of the failure of six out of the 
eleven isolated ligament preparations is clearly necessary. The fact that in 
each of the unsuccessful preparations there were functional endings in the 
fragment of capsule attached to the ligament suggests that the environment 
was favourable to the survival of this type of ending. The bundle of sensory 
nerves from the ligament endings pursued a variable course and on at least 
one occasion left the ligament at its tibial end and was destroyed during the 
initial dissection. However, it was felt that the vulnerability of the fibres 
could not account for all the failures, and it may be that the disturbance of the 
connective tissue structure caused by its detachment from the rigid anchorage 
of the femur and tibia was enough to put out of action sensory endings which 
normally signalled ligament tension. The fact that all the in situ preparations 
were successful lends support to the idea that ligament tension is always 
signalled by sensory endings, but that their sensitivity may be disturbed 
during the dissection of the preparation. 

Endings which are stimulated by either a fall or a rise about a mean positive 
tension would account for the discharge of nerve impulses in a fibre when the 
joint is moved away from the midway position either towards flexion or - 
extension. A rather similar discharge characteristic has been described by 
Landgren (1952) who found that the baroceptors of the carotid body, which 
may be regarded as stretch receptors, cease to discharge, if the intrasinusal 
pressure is gradually decreased, at a pressure of 70-50 mm Hg, but ‘during the 
continued fall in pressure, however, the baroceptor spikes reappear, and a 
certain increase in the impulse activity is seen near 0 mm Hg’. 

The simplest explanation of the large fibre innervation of the ligament and 
marginal tissue is that the two morphological types of nerve endings are two 
anatomical forms of the same functional ending, and that the form taken by 
a particular ending depends on the type of tissue in which it is embedded. 
Where the ending is applied to the dense connective tissue of the ligament 
bundle it takes the form of a thin plate on the surface; where it lies enveloped 
in the diffuse connective tissue of the capsule it assumes a more cylindrical 


4 
> 
d 
+ 


KNEE-JOINT INNERVATION 249 


shape. This simplification is supported by the electrical evidence that there 
are endings in the adjacent capsule which have similar adaptation properties 
and are connected to nerves of similar size to those on the ligament. The Golgi 
type ending was found on the ligament but not in the capsule. The greater 
sensitivity of the capsule endings is explained if it is assumed that distortion 
of the ending is the stimulus; if this is true the more robust tissue of the 
ligament would reduce the amplitude of the distortion produced by a given 
tension. It is likely that the myelinated fibres which end in free nerve endings 
include fibres serving a variety of functions. This type of ending is known, in 
other regions, to subserve rapidly adapting mechanical sensitivity and probably 
vascular efferents and afferents are included in this group. Many of the records 
from the intact preparation showed medium-sized myelinated fibres discharging 
two afferent impulses with each arterial pulsation; such activity is shown in 
Text-fig. 5 where five groups of impulses may be seen, the central group being 
marked with an arrow. 

The histological findings agree with the electrical evidence since endings 
resembling a type which elsewhere in the body acts in recording tension (Golgi 
tendon endings) are found on the ligament, and since these are connected to 
fibres of a size consistent with the characteristics of the recorded action 
potentials. The region of the ligament found to be sensitive to direct mechanical 
stimulation corresponds to the region containing the nerve endings. The 
isolated ligament experiments remove the possibility that the results in the 
in situ experiments could be due to the activity of endings remote from the 
ligament. Thus these endings on the ligament may make a proprioceptive 
contribution not directly influenced by the tone of muscles acting on the joint. 


SUMMARY 


1. Experiments were made on the medial ligament of the knee joint of the 
cat, rabbit and rat. 

2. The ligament was stimulated either in situ or as an isolated preparation. 

3. Slowly adapting endings connected to large myelinated fibres responded 
to tensions applied to the ligament. 

4. The histology of the nerve endings was examined and correlated with 
the results of stimulation experiments. 

5. It was concluded that endings on the medial ligament contribute a pro- 
prioceptive inflow quite independent of the tone of the muscles attached to the 
knee joint. 

I wish to thank Prof. G. H. Bell for his interest in this work. 
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EXPLANATION OF PLATES 


Pirate | 
Fig. 1. Golgi type ending lying on the surface of a bundle of dense connective tissue in the medial 
ligament of the nerve joint of the cat. This shows the multiple division of the parent fibre at 
the terminal node. Stained with methylene blue. 
Fig. 2. Ruffini type ending in loose connective tissue of capsule near the femoral end of the medial 
ligament. The membrane enclosing the ending is faintly stained. Stained with methylene blue. 
PLaTE 2 
Fig. 1. Ruffini type ending in loose connective tissue of the capsule close to the femoral end of 
_ the medial ligament. The parent fibre enters the cylindrical ending at about the mid-point of 
its length. 


Fig. 2. Golgi type ending on the ligament. The connective tissue bundles run from above down 
wards in this photograph. 


Fig. 3. A complicated ending zone on the ligament showing two Golgi type endings and accessory 
myelinated fibres. 


Fig. 4. A simple type of ending zone with a single Golgi type ending. All preparations stained with 
methylene blue. 7 
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A COMPARISON OF FLEXOR REFLEXES OF CUTANEOUS 
AND MUSCULAR ORIGIN 


By E. C. ALVORD, Jr. anp M. G. F. FUORTES 


From the Army Medical Service Graduate School, Walter Reed 
Army Medical Center, Washington 12, D.C. 


(Received 3 July 1953) 


Reflexes consisting of short-lasting contractions of flexor muscles can be use- 
fully classified according to the origin of the afferent excitation responsible for 
their production. The term ‘flexor twitch’ is usually applied to reflexes elicited 
by excitation of skin fibres, whereas reflexes following stimulation of nerve 
fibres originating in flexor muscles are referred to as ‘pluck’ reflexes. 

Eccles & Sherrington (1931) consider that in the flexor twitch reflex 
“centripetal impulses are not transmitted straight through the spinal cord, but 
at certain points (“synapses”’) they are transformed into an enduring condi- 
tion, ¢.e.s., which may in turn set up fresh nerve impulses—the reflex dis- 
charge’ (p. 533), and suggest that ‘the “synaptic” delay in any motoneurone 
will be the time necessary to build up c.e.s. to threshold value’ (p. 529). 
Creed, Denny-Brown, Eccles, Liddell & Sherrington (1932) suggest that 
‘c.e.8. is probably a depolarization of those parts of the surface membrane of 
the motoneurones on which excitatory impulses impinge, i.e., the synaptic 
membrane’. According to this interpretation, the duration of a synaptic delay 
would be expected to be variable, depending upon rate of rise or amount of 
pre-existing c.e.s. (Eccles & Sherrington, 1931, figs. 5, 6). Other authors 
(e.g. Lloyd, 1943, b) consider instead that the flexor twitch reflex is subserved 
by plurisynaptic paths and that its central latency results from the sum of more 
synaptic delays. In this interpretation, each synaptic delay is considered to 
have brief and fixed duration, and variations in the central latency of flexor 
twitch reflexes are supposed to be the consequence of changes of the reflex 
path, which may include a smaller or larger number of synapses. 

In an effort to clarify the factors controlling the latency of early spinal 
reflexes, certain features of flexor twitch reflexes have been re-examined and 
compared to those of pluck reflexes. A preliminary report of the results 
obtained was presented at the 71st Meeting of the American Physiological 
Society (Fuortes, 1953). | 
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METHOD 
The experiments have been performed on twenty-four cats. Twenty-two preparations were 
acutely decerebrated, and in ten of these the cord was also severed at the first cervical level. Two 
cats were anaesthetized with pentobarbitone sodium (Nembutal). Although the reflex activity 
elicited by sensory stimulation was different in the various types of preparations employed, the 
early reflexes elicited by single shock stimulation of peripheral nerves or dorsal roots was quite 
similar. 

The experimental techniques used are essentially similar to those described previously (Alvord 
& Fuortes, 1953). 

As a rule, reflex activity was led off from ventral roots and was considered to be of flexor nature 
when elicited by stimulation known to initiate flexor reflex activity (such as stimulation of fibres 
of cutaneous or flexor muscular origin). In order to confirm this, both unitary and composite 
reflex activity was led off, on occasions, from flexor muscles and was found to present the same 
features as the activity recorded from ventral roots. 

In order to determine the relations between features of the afferent spike and of the resulting 
reflex activity, about one-half of the fibres of a large dorsal root (such as L7) were cut near the 
cord and placed on recording electrodes, and it was assumed that the monophasic spike led off 
from this severed stump was similar to the spike conducted along the intact remainder of the 
dorsal root and actually responsible for reflex activation. 

Technical difficulties made it impossible to record slow wave activity and propagated discharges 
from the same neurone. Simultaneous records were therefore taken from large rootlets and thin 
filaments of the same ventral root. With this procedure, the ventral root potential considered 
originates from neurones other than the ones yielding unitary activity, and the relation between 
the two processes has different significance depending on whether or not the composite slow 
activity reproduces the time-course of the processes developing in each neurone. The need for 
caution in interpreting the significance of the relations found with this technique will become 
apparent in the following sections. 


RESULTS 


Fig. 1 shows composite and unitary activity as recorded from many or few 
ventral root fibres following stimulation of muscular, skin or mixed nerves. 
Fig. 1 A, D, reproduce the electrical correlates of the pluck reflex; Fig. 1 B, E, 
of the flexor twitch; and Fig. 1 C, F, of both (Lloyd, 19434, 6). The records 
show that fibres of either muscular or cutaneous origin can excite the same 
motoneurone (Fig. 1 D, E), but that the firing occurs at a different time with 
respect to the stimulus in the two cases. In either situation, each motoneurone 
generally fires only one impulse, and double firing occurs as a rule only when 
both the cutaneous and muscular reflex pathways are excited, as happens 
following stimulation of a mixed nerve (Fig. 1 F). These findings are in agree- 
ment with the conclusions of Eccles & Sherrington (1931) (see also Forbes & 
Gregg, 1915) rather than with the suggestion more recently advanced by 
Ténnies & Jung (1948). The repetitive firing considered to occur by the latter 
authors has never been observed in the present research, and double firing has 
been noticed only under special conditions, which will be briefly mentioned 
later. 

If c.e.s. corresponds to local depolarization of the soma membrane of 
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motoneurones, the relations postulated by Eccles & Sherrington (1931) 
between the rise of c.e.s. and the latency of impulse firing can be observed 
experimentally, since such depolarization spreads electrotonically along the 


Fig. 1. Records taken from major portion (A to C) and from thin filament (D to F) of L7 VR. 
A, D: stimulation of a muscular branch of the hamstring nerve; B, E: stimulation of the 
sural nerve; C, F: stimulation of the whole hamstring nerve. Time, | msec. 


Fig. 2. Tracings of simultaneous records from major portion of L7 VR (upper record of each pair) 
and from thin filament of same root. Stimulation of sural nerve at increasing strength (from 
bottom to top). Time, 1 and 5 msec. 


axons and can be detected by means of appropriate recording from the ventral 
roots, Fig. 2 shows tracings of the potentials led off from a ventral root 
following stimulation of a skin nerve and of the corresponding unitary impulse 
activity as recorded from a thin filament of the same root. 
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It is seen in this figure that, with increasing stimulus strength, the size of 
the ventral root potential is increased, and the latency required for eliciting 
reflex firing of the unit considered is decreased, the earliest time of firing 
approximately coinciding with the time of onset of the ventral root potential. 
This minimal latency, measured from the moment of stimulation of a skin 
nerve at the level of the knee joint, amounts to about 5 msec and can be in- 
creased in @ given unit by more than 6 msec by decreasing stimulus strength. 
In contrast, on stimulating muscular fibres, the latency of reflex firing is largely 
independent of stimulus strength and amounts to about 3 msec under com- 
parable experimental conditions. 


Fig. 3. Records of activity led off from centrally cut rootlet of L7 DR (lower beam) and from 
L7 VR, following stimulation of the common peroneal nerve. Stimulus strength increased 
from A to F. The two beams are swept at different speeds. The upper time-line refers to the 
upper beam and shows 2 msec time intervals, whereas the intervals in the lower time-line 


are 0-2 msec. Note parallel development of second hump of afferent spike and later com- 
ponents of reflex activity. 


Part of the additional delay of flexor reflexes of cutaneous origin must be 
due to conduction in the afferent nerve, since conduction velocity is slower and 
less uniform in fibres of cutaneous than in those of muscular origin. This fraction 
can be measured by determining the time of arrival at the cord of the volleys 
responsible for pluck and flexor twitch reflexes, respectively. 

The experiment illustrated in Fig. 3 shows typical results obtained when a 
mixed nerve is stimulated while recording from appropriate dorsal and ventral 
roots. It is seen that as long as the stimulus excites only the fibres of fastest 
conduction only a pluck reflex results, whereas a flexor twitch discharge appears 
and increases in size parallel to the development of a second peak of the afferent 
spike, which reveals excitation of slower afferent fibres (cf. Tureen, 1941). 
Excitation of fibres conducting at still slower rates may contribute, but does 
not appear to be essential for production of flexor twitch reflexes. These results 
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show that, under the experimental conditions employed, peripheral conduction 
contributes about 0-5 msec to the difference in latency of reflex responses to 
muscular or cutaneous stimulation (cf. Lloyd, 19435). 

Similar results are illustrated in Fig. 4, which shows dorsal root spikes and 
ventral root potentials elicited by muscular, mixed and cutaneous nerve 
stimulation. It is clear that the time interval between the onset of the ventral 
root potentials of muscular and cutaneous origin greatly exceeds the corre- 
sponding interval between the two afferent spikes. Since the earliest time of 
reflex firing has been found to coincide with the onset of the ventral root 


Fig. 4. Superimposed tracings of records from centrally cut rootlet of L7 DR (lower tracing) and 
from L7 VR. Stimulation of muscular (1), mixed (2) and cutaneous (3) nerves. Conduction 
distance approximately equal in the three cases. Time, 0-2 and | msec. 


potential, this experiment indicates that the minimal central time required for 
production of flexor twitch reflexes amounts to about 2-5 msec as ‘compared 
to about 1 msec for reflexes of muscular origin (pluck reflex). 

Eccles & Sherrington (1931) state that the central delay of flexor reflexes can 
be reduced to less than 0-5 msec if the action of the afferent volley is facilitated 
by a preceding volley originating in the same or in a different nerve. Fig. 5 A 
shows that maximal facilitation occurs when the two stimuli are separated by 
about 5 msec and thus confirms the previous observations of Eccles & Sherring- 
ton (1931). Fig. 5 B shows that, following conditioning, the peak of the reflex 
burst is considerably anticipated but the minimal latency does not appreciably 


change. 


Eccles & Sherrington (1931) calculated the conduction and central time of flexor twitch reflexes 
by comparing the latency of flexor reflexes elicited by stimulation of a peripheral nerve and of a 
dorsal root. They found that the latency following peripheral stimulation exceeded by about 
+ msec that following dorsal root stimulation and considered that the average afferent conduction 
time amounts to 4 msec and the minimal central time (under conditioning) to 0-5 msec, whereas 
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times of about 2 and 2-5 msec, respectively, have been found under comparable conditions in the 
present experiments. It is likely that their conclusions are vitiated by the fact that dorsal root 
stimulation elicits an early pluck reflex in addition to the flexor twitch reflex considered. 


In agreement with the results obtained with composite recording, it was 
found that units which fire at, say, 8 msec after a given stimulus tend to fire 
after only 6 msec if the same stimulus was preceded, at an appropriate time 
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Fig. 5. Effect of a stimulus to a skin nerve (barely threshold for reflex response) on the response 
in L7 VR to a subsequent stimulus to the same or to a different skin nerve. A: plot of height 
of the response to the test stimulus (to sural nerve) against time from conditioning stimulus 
(to superficial peroneal nerve), Unit on ordinate corresponds to average height of peak 
of response to test stimulus alone. B: conditioning and test stimuli to sural nerve. Records 
from L7 VR, from top to bottom: base-line; conditioning stimulus alone ; test stimulus alone ; 
the two stimuli at about 5 msec interval. Time: 1 msec. 


interval, by a subliminal conditioning shock; but it was never observed that 
a unit, reflexly activated by stimulation of skin fibres, could fire after central 
times shorter than about 2-5 msec. Under conditions of maximal facilitation 
double firing of a motoneurone was occasionally observed (Fig. 6). 

Statistical study of the latency of reflex firing of a flexor motoneurone under 
different experimental conditions offers a clue to the interpretation of the 
possible mechanisms controlling latency of reflex firing. 

The type of experiment employed for this study is illustrated in Fig. 7A, 
which shows the reflex response of a motoneurone to stimulation of a muscular 
nerve (a) or of a skin nerve, in this latter case with conditioning (b) or without 
conditioning (c and d). By superimposing a number of the responses obtained 
through these procedures (Fig. 7B), it becomes apparent that the unit con- 
sidered tends to fire at certain definite times after the stimulus and not at other 
times. The earliest firing occurs only following stimulation of muscular nerves 
and is characterized by remarkably small latency variations. The later firing 
is elicited by skin nerve stimulation, and the latency can be experimentally 
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Fig. 6. Stimulation of superficial peroneal nerve (subthreshold for reflex response) and of sural 


nerve. Records from thin filament of L7 VR. A: from top to bottom; simultaneous stimula- 
tion of the two nerves, latency 8-5 msec; stimulation of sural follows shock to peroneal by 
5-8 msec, latency 5 msec (note double firing); stimulation of sural nerve follows shock to 
peroneal by 8 msec, latency 5-5 msec. Time: 1 msec. B, C: plot of latency of unit response 
against interval between conditioning stimulus to superficial peroneal nerve and test stimulus 
to sural nerve. B: latency, in successive trials, to test stimulus alone; C: latency after con- 
ditioning. Note occasional double firing when stimuli are separated by about 6 msec. 
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Fig. 7. Records from thin filament of L7 VR. A: from top to bottom: stimulation of peroneal 


nerve; weaker conditioning stimulus to peroneal nerve followed by weak test stimulus to sural 
nerve ; strong stimulus to sural nerve; weak stimulus to sural nerve. Time: 1 msec. B: the chart 
shows the number of instances (ordinate) in which two units (indicated by different cross- 
hatchings) fire at the latency indicated in abscissa (msec). Each occurrence of firing is 
represented by a square block. The total number of cases considered in each group is given by 
the figures at the top of the chart. See text for further details. 
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controlled either by changing stimulus strength or by resorting to con- 
ditioning. Fig. 7B also shows similar superposition of responses of a different 
unit, presenting slightly different preferential delays. 


DISCUSSION 


The central time of early reflexes of muscular origin, being the shortest of any 
known reflex action, can reliably be considered to be brought about by the 
sum of central conduction plus a single synaptic delay. Central times longer 
than the minimal ones might be the consequence of a different modality of 
monosynaptic transmission or of the presence of more than one synaptic 
junction in the reflex path. Considering the two hypotheses mentioned at the 


beginning in relation to flexor twitch reflexes, it appears that their minimal — 


latency cannot be easily interpreted under the assumption that this time is 
spent in development of a local depolarization of the motoneurone soma 
membrane, since the earliest time of firing apparently coincides with the 
detectable onset of such depolarization. With smaller stimuli (Fig. 2), the 
latency does relate inversely with the rate of rise of non-propagating moto- 
neurone depolarization, but the discontinuous distribution of latency of unit 
firing illustrated in Fig. 7B does not support the assumption that a causal 
relation exists between the latency and the rate of development of the local 
process. The difference in conduction time of slow waves and impulses is 
considered insignificant for the purposes of this argument. 

On the other hand, both the duration of minimal latency of cutaneous 
reflexes and the discontinuous distribution of the latency of a particular unit 
are easily explained by the hypothesis that the path subserving reflexes of 
cutaneous origin is plurisynaptic, and that pathways including larger or 
smaller numbers of junctions may transmit effective excitation to the moto- 
neurones under different experimental conditions. In order to justify the 
discontinuities illustrated in Fig. 7 B, it is further required that the variability 
of each synaptic delay be shorter than its absolute duration. 

This interpretation is thus in agreement with the concept (see especially 
Lloyd, 1946) that, in the reflexes considered, spinal neurones fire an impulse 
with brief and fixed delay after impingement of a volley of impulses upon their 
membranes. 

It should be noted, however, that simplified experimentation on the central 
nervous system is often more adequate to demonstrate the existence of 
anatomical pathways than to reveal the mechanisms underlying normal 
functions. In the present case, while the assumption that plurisynaptic paths 
subserve cutaneous reflexes can be considered reliable, it would not be justified 
to extend the applicability of the mechanism of transmission suggested above 
to reflexes other than the ones analysed. As contrasted with such brief actions, 
most Sherringtonian reflexes of recognized functional importance are contri- 
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buted to, not by single, but by rhythmically repetitive firing of each engaged 
motoneurone, and are not characterized by simple relations between organiza- 
tion of afferent message and unitary reflex firing (cf. Alvord & Fuortes, 1953). 

Rather than attempting to interpret these rhythmical actions on the basis 
of results obtained from a study of short lasting reflexes, it appears desirable 
to approach the problem by independently analysing the features of reflexes 
involving repetitive firing. The results of such a study will be described in a 
later paper. 

SUMMARY 


1. The central time required for reflex activation of a given flexor moto- 
neurone following stimulation of cutaneous or muscular afferent fibres has been 
determined. 

2. Single shock stimulation of either muscular or cutaneous fibres evokes as 
a rule a single impulse discharge from each motoneurone. The central time of 
the reflex discharge following muscular stimulation amounts to about 1 msec 
and presents small variations under various experimental conditions. Following 
stimulation of cutaneous fibres, the central time varies between wide limits in 
different experimental situations, but was never found to be less than about 
2-5 msec. 

3. The variations of the central time of a given unit activated by stimula- 
tion of skin fibres are discontinuous, the unit tending to fire at certain intervals 
after the stimulus and not at other times. 

4. The results are considered to support the view that reflexes of skin origin 
are subserved by plurisynaptic paths. 
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THE ACTION OF INSULIN IN THE ISOLATED RAT HEART 


By N. M. BLEEHEN anp R. B. FISHER 
From the Department of Biochemistry, University of Oxford 
(Received 8 July 1953) 


This paper describes a closed-circuit Ringer-perfused preparation of the sur- 
viving rat heart which is suitable for the study of the effect of insulin on glucose 
utilization. The action of insulin on the disappearance of glucose from Ringer 
solutions circulated through surviving hearts has been studied by earlier 
workers, but the only species investigated has been the rabbit and the dosage 
used was either unspecifiable (Hepburn & Latchford, 1922), because standards 
had not been set up, or at a single level: Burn & Dale (1924) used 1/250 
‘physiological unit’ per ml., this unit being probably about three times as 
large as the international unit, and Bodo & Marks (1927) used approximately 
1/25 international unit/ml. 

The concentrations used by these earlier workers were lower than the level 
of 1 unit/ml. which has been commonly used by recent workers on in vitro 
actions of insulin (Krebs & Eggleston, 1938; Colowick, Cori & Slein, 1947; 
Gemmill, 1940; Stadie, Haugaard, Marsh & Hills, 1949). There are a few 
reports in these papers of positive in vitro effects of lower concentrations, but 
none of them is of the order of the dose of 10-° unit/ml. found to increase 
glycogen synthesis in rat diaphragm by Groen, Kamminga, Willebrands & 
Blickman (1952). 

In view of the fact that the daily requirement of the depancreatized man is 
less than | unit/kg (Goldner & Clark, 1944; Ricketts, Brunschwig & Knowlton, 
1945) and that of the depancreatized dog is 2-3 units/kg (Dragstedt, Allen & 
Smith, 1943), it seemed worth while to investigate whether even smaller 
insulin dosages than those previously used would affect the surviving heart, 
using the same measure of effect as was used by the earlier workers. 

In order to interpret, the findings in terms of probable physiological range 
of concentrations of insulin it became of importance to determine whether the 
heart, as removed from the animal, was likely to contain insulin in the firm 
combination suggested by the work of Stadie and his collaborators (Stadie, 
Haugaard, Marsh & Hills, 1949; Stadie, Haugaard, Hills & Marsh, 1949; 
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Stadie, Haugaard & Vaughan, 1952, 1953). The work to be described shows 
that insulin action on the heart persists only very briefly after withdrawal of 
insulin-containing perfusate. 

We have also obtained some preliminary indications that the basic evidence 
on which Soskin & Levine’s (1946) overproduction theory of diabetes is based 
may have to be re-interpreted. 


A preliminary account of some of this work has been communicated to the 
Physiological Society (Bleehen & Fisher, 1952). 


METHODS 


Animals. Male albino rats of Wistar stock, weighing 200-400 g, were used. 

Perfusion fluids. This was Krebs-bicarbonate medium made up according to the instructions 
of Umbreit, Burris & Stauffer (1949), except that the calcium content was halved. This fluid was 
always equilibrated in use with a 5% CO, in O, gas mixture. 

Insulin. ‘Insulin A.B," containing 20 units/ml., with 0-3% cresol as preservative, was used for 
most of the work. Wellcome Insulin containing 40 units/ml. and the same preservative was used 
for some later experiments. No differences were found between the action of these preparations. 

Heparin: the material used was B.D.H. heparin containing 100,000 unita/g. 

Glucose determinations: the Hagedorn-Jensen procedure was used on cadmium hydroxide 
filtrates (Fujita & Iwatake, 1931). In a few instances, in which larger amounts of glucose were to 
be determined, Hulme & Narain’s (1931) method was applied to cadmium hydroxide filtrates. 

Non-fermentable reducing substance was determined in a few instances by centrifuging down 
1 ml. of a volume for volume suspension of washed baker’s yeast in a 15 ml. conical tube, decanting 
the fluid, drying the tube with filter-paper, transferring 10-12 ml. of solution of reducing sub- 
stances, i.e. the perfusate to the tube, re-suspending the yeast, incubating with gentle shaking at 
30° C for 20 min, centrifuging down the yeast, and taking an aliquot of supernatant for the deter- 
mination of remaining reducing substance. 

Chloride determinations : Sendroy’s (1937) titrimetric method was applied to cadmium hydroxide 
filtrates of perfusion fluids. 

Inulin determinations: Cole’s method (unpublished) for which we are indebted to Dr D. 8. 
Parsons (personal communication) was used. It depends on the development of a Seliwanoff 
colour in prescribed conditions. 

Perfusion technique 

The apparatus used is a lineal descendant of that of Bodo & Marks (1927) and of that of Fisher 
& Wilhelmi (1937), and is illustrated diagrammatically in Fig. 1. The coronary arteries are perfused 
from a cannula tied into the aorta. The heart is enclosed in a water-jacketed chamber and the 
effluent perfusate is returned to a water-jacketed reservoir by a gas-lift through which 5% CO, in 
oxygen passes. The perfusion head used in most experiments was 80 cm H,0. 

The apparatus is made wholly of glass, and its suitability for the present purpose is particularly 
dependent on three features: 

(1) It is possible to introduce a small bubble of air into the down-flow tube (D) from the 
perfusion reservoir (P) through the fine bore polythene tube (¥) shown in Figs. 1 and 2. The 
passage of this bubble between two horizontal lines scribed on the water-jacket (W, Fig. 1) is 
timed with a stop-watch to give a measure of perfusate flow. The progress of this bubble also gives 
& most useful indication of the state of the aortic valves. If they are competent the bubble 
progresses downwards with short periods of arrest. If the aortic valves are incompetent more 
rapid downward movements occur followed by upward movements. 

(2) A Soxhlet filtering thimble ($, Fig. 2) is put into the perfusion reservoir. It is chosen to be 
a fairly close fit and is cut down to be a little less than the height of the reservoir. We believe 
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that the success of the preparation is entirely dependent on this device. After numerous failures 
to maintain coronary flow by other means, this procedure of continuous filtration of perfusate was 
instituted: Harrison & Raymond (1951) had shown that solutions made from carefully prepared 


Gas 


mixture 


Gas mixture 


Fig. 1. 

Fig. 1. Diagram of closed-circuit apparatus for coronary perfusion of the rat heart. Perfusate 
passes from the perfusion reservoir (P) through the down-flow tube (D) to the T-tube (7) 
shaped into a cannula at its lower end, which lies in the jacketed heart-chamber (H). Per- 
fusate is returned to P via the gas-injector (@) and the return tube (R). The perfusate 
reservoir is enclosed in a glass water-jacket (W) closed by a glass cap (C). 

Fig. 2. Enlarged view of the perfusate reservoir. A high-speed jet of gas mixture is delivered by 
A to break up the mixture of gas and liquid issuing from the return tube (R). The perfusate 
reservoir is closely lined by the cut-down Soxhlet thimble S, but a fine polythene tube (7) 
lies between it and the glass, terminating in the upper part of the down-flow tube (D) and in 

_ a connexion (J) to a syringe or other device for injection of small bubbles of air. 


water and from Analar reagents may contain particulate matter, and it was thought that the 
decline in coronary flow which we had observed might be due to multiple emboli in minute vessels. 
Fig. 3 shows the mean rate of coronary flow as a function of time for fifteen hearts perfused with 
medium which had been circulated through the Soxhlet thimble for at least 15 min before the 
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beginning of perfusion. The two lower curves show the time-course of flow rate for two hearts 
perfused without the filter. These experiments were performed at a time when the technique had 
been fully developed. The effect of the omission of filtration is very striking. 

(3) Accurate estimation of glucose utilization requires accurate knowledge of the volume of 
perfusate circulating as well as of the glucose concentration in it. The tendency of perfusates to 
form persistent froths in the gas-lift introduces a great danger of fluid loss. The only completely 
successful device we have made for the prevention of frothing is shown in Fig. 2. A high speed jet 
of 5% CO, in oxygen, previously equilibrated with water at 38° C, was directed laterally through 
the tube A (Fig. 2) at the gas-liquid mixture emerging from the perfusate return tube (R, Fig. 2). 


Filtered medium 


r 


Coronary flow rate (ml./min) 


0 20 40 60 70 
Minutes 
Fig. 3. The effect of perfusate filtration on coronary flow. The mean flow rates at different times 
of fifteen hearts perfused with filtered medium are shown in the continuous curve. The 
interrupted curves depict flow rates for two hearts perfused with unfiltered medium. 


The procedure for setting up a coronary perfusion is as follows: The animal is anaesthetized with 
ether, and 1-5 mg heparin/100 g body wt. is injected intravenoysly. The heparin is dissolved in 
approximately 1 ml. of 0-9% (w/v) NaCl. Five minutes later the chest is opened, the great vessels 
are cut and the heart is transferred to a crystallizing dish containing warm oxygenated perfusion 
fluid. The heart is then tied on to the cannula of the perfusion apparatus and washed free of blood 
before the cireuit is closed by placing the heart in the heart chamber. 

As much perfusion fiuid as possible is put into the apparatus for the preliminary filtration. 
Once the closed-circuit perfusion is established, fluid is removed from the reservoir by pipette 
until the amount remaining is just sufficient to ensure that the requisite samples can be taken 
later. In general about 15 ml. are left in. 

Samples are taken when necessary from the perfusion reservoir, which is otherwise covered by 
the cap C (Fig. 1), and the apparatus and heart are carefully drained into a measuring cylinder at 
the end of the experiment. The volume of fluid held in the Soxhlet thimble and adhering to the 
walls of the apparatus has regularly been found to be about 1-5 ml. The volume circulating at the 
end of each perfusion is therefore taken to be 1-5 ml. greater than the volume draining from the 
apparatus. 

Despite the adequacy of the anti-frothing device it proved necessary to estimate the volume 
circulating at the time of taking each perfusate sample: apparently it is difficult to avoid either 
concentration or dilution of the medium by the rapid stream of water-vapour-containing gas 
mixture used for froth destruction. The volumes circulating at the times of sampling are therefore 
estimated from the chloride contents of the samples, from the estimate of final volume and from 
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the known volumes of the samples. The assumption is made that no perfusate is lost bodily from 
the circuit except by sampling. Close inspection of the anti-frothing apparatus confirms the 
validity of this assumption. 

RESULTS 


The properties of the preparation 
Coronary flow rate. The steadiness of flow rate is illustrated for a representa- 
tive group of hearts in Fig. 3. In general the flow is rather greater than 7 ml./min 
for hearts of rather less than 0-2 g dry weight. Since a flow of 1 ml./min of 
perfusate saturated at 37° C provides enough oxygen for the complete oxida- 
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Fig. 4. The change of heart beat frequency with time in perfused rat hearts. 


tion of 2 mg glucose/hr the mean flow is adequate for a mean glucose utilization 
by complete oxidation of up to about 80 mg/g dry wt./hr. It will be seen that 
the total glucose utilization, which may not necessitate complete oxidation of 
all the glucose disappearing, does not exceed this level in the experiments to 
be described. 

Frequency of heart beat. only or 
instability of the preparation. Fig. 4 shows the mean heart rate at different 
times after beginning perfusion for a group of fifteen hearts. The striking 
feature is the constancy of mean heart rate, except during the first few 
minutes. The initial fall in heart rate is in fact steeper than is shown here: 
when the perfusion circuit is closed, and the temperature of the external 
surface of the heart rises, the heart rate increases very sharply to about 
300 beats/min as a rule, but falls off again before the end of the first 5 min. 

Water content of the heart. The relation between water and solid content of 
rat hearts is illustrated in Fig. 5 for a control group and for a group of hearts 
which have been perfused for 75-90 min. There is some oedema, but its degree 
is very small considering the nature of the perfusate. The change in water 
content makes it necessary to refer all results to the dry weight of the heart. 

Glucose utilization in successive periods. In the work to be described sub- 
sequently on glucose utilization in different conditions it has been customary 
to determine the utilization in two successive 30 min periods following a 15 min 
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period of equilibration of the heart with perfusate. As some treatments 
produce systematically greater glucose uptakes than others, the differences 
between successive periods are analysed in Table 1 in three categories of mean 


Perfused 
0-85 38:1 Control 


O55 


4 j i j 

014 O% O18 020 O22 O24 026 
Heart dry wt. (g) 

Fig. 5. The relation between water and solid content of perfused (@) and control (©) rat hearts. 

The lines are best fit lines through the origin. 


TasBLz 1. The constancy of glucose utilization of the perfused rat heart 


in two successive 30 min periods 
Glucose utilization (mg/g dry wt./hr) 
No. of First Second é 
Group animals 30 min 30 min Difference P 
Low rates 18 10-7 14:3 3-6+ 1-43 0-05-0-02 
Medium rates 14 21-6 22-9 1-3+3-83 0-6-0-7 
High rates 15 45-4 47-8 2-444-84 0-5-0-6 


tate of glucose utilization: the available data fall into three mutually exclusive 
groups centred around utilization values of 12, 20 and 45 mg/g dry wt./hr. It 
will be seen that the observed differences are small except in the group with 
the least glucose utilization, and that none of the differences is significant. 
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The preparation may therefore be taken to be stable with respect to 
coronary flow rate, frequency of heart beat and rate of glucose utilization, at 
least over a period extending to 75 min after establishing closed-circuit 
perfusion. 

The effect of varying glucose and insulin concentrations 
on glucose utilization of the heart 

The results of fifty-nine experiments in which the glucose and insulin 
contents of the perfusate were varied are collected in Table 2. In the absence 
of added insulin, the glucose utilization rises with increase in perfusate glucose 
concentration up to 300 mg/100 ml., but there is no further increase when the 
glucose concentration is raised to 600 mg/100 ml. 


TaBLE 2, The effect of change in glucose and insulin concentration in the medium 
on the glucose utilization of the perfused rat heart 


Glucose concn. in medium (mg/100 ml.) 


Insulin concen. 150 300 
in medium Glucose utilized (mg/g dry wt./hr) 
(mU/ml.) 

0 1241-2 (8) 2142-9 (5) 1745-9 (7) 
0-02 1242-0 (4) 
0-06 2442-1 (5) — — 
0-2 3243-3 (11) 
0-6 35 +3-6 (4) 
2-0 4442-6 (8) 4847-8 (5) 

20-0 49 (2) — — 


Standard errors of means are shown. Numbers of experiments are given in parentheses. 


With the glucose concentration maintained at 150 mg/100 ml., addition of 
0-02 milliunit insulin/ml. perfusate (subsequently abbreviated to mU/ml.) is 
without detectable effect on glucose utilization. On the other hand, 0-06 mU/ml. 
approximately doubles the rate of glucose utilization, and for higher concen- 
trations up to 2mU/ml. the glucose utilization is approximately linearly 
dependent on the logarithm of the insulin concentration (Fig. 6). Increase 
in insulin concentration to 20 mU/ml. or increase in glucose concentration to 
600 mg/100ml. in the presence of 2 mU/ml. of insulin has no detectable further 
effect on glucose utilization. 


The effect of pre-treatment with insulin on glucose utilization of the heart 
In order to interpret the results already described it is necessary to know 
whether the heart as taken from the animal may be considered to be insulin- 
free, or whether it must be supposed to hold insulin in the sort of combination 
which has been postulated by Stadie et al. (1949, 1952, 1953) to explain their 
findings in the rat diaphragm. Experiments have therefore been made in 
which the heart is equilibrated in a closed circuit with insulin (0-2 mU/ml. 
insulin; 150 mg glucose/100 ml.) for 15 min, at which time the heart and 
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cannula are disconnected from the apparatus and rapidly connected into 
a second circuit filled with fluid of similar composition, except that it contains 


3 


3 
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Glucose utilization (mg/g dry wt./br) 


002 02 20 20 
mU/ml, insulin (log scale) 


Fig. 6. The relation between rate of glucose utilization of the perfused heart and the logarithm 
of the insulin concentration in the medium. The line is the best fit line to the four central 
points. Glucose concentration in the medium, 150 mg/100 ml. 


e 
‘ 
Glucose 0-2 mU/mi. Glucose Ringer 
Ringer insulin after insulin 


Fig. 7. The effect on glucose utilization of transferring a perfused rat heart from insulin-convaining 
to insulin-free medium containing glucose, 150 mg/100 ml. The points represent mean rates 
of glucose utilization over 60 min periods. 


no insulin. The heart and cannula are washed out with approx. 5 ml. of this 
fluid, corresponding to twice the dead space of heart and cannula, and care is 
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taken to see that all the fluid in the cannula exchanges with the washing per- 
fusate. The circuit is then closed and glucose utilization followed for two 
successive periods of 30 min. The mean rates of utilization over the hour are 
plotted in Fig. 7 in comparison with the data for hearts perfused with the same 
concentration ‘of glucose, with and without the addition of 0-2 mU/ml. of 
insulin. It will be seen that, with the exception of one observation for which 
we cannot account, the rates of glucose utilization in the post-insulin series of 


experiments are in the same range as the rates observed in the absence of 


Tazz 3. Rates of glucose utilization of perfused hearts during different time-intervals subsequent 
to transfer from medium containing 2 mU/ml. of insulin to insulin-free medium 


Rate of glucose 


Time- No. of 

(min) (mg/gdrywt./hr)  expte. 
0-15 39-2 6 
15-30 17-6 6 
0-30 28-6 4 
30-60 8-0 4 

The time-intervals are measured from the moment of re-establishment of the closed-circuit 
perfusion with insulin-free medium containing glucose, 150 mg/100 ml. ~ 


Further experiments were made using 2 mU/ml. of insulin, i.e. starting at 
the upper end of the range of effective insulin concentration. In some of these 
experiments utilization was followed for two periods of 15 min and in the 
others for two periods of 30 min. The results of these experiments are given in 
Table 3. There is no doubt here that the rate of glucose utilization is falling off 
very markedly with time: in the second 15 min it is less than would have been 
expected in the presence of one-tenth of the concentration of insulin used in 
these experiments, in the second half-hour it is, if anything, less than what 
might have been expected in the absence of insulin (see Table 2). 


The exchange of inulin between the heart and the perfusate 


Experiments were performed in which the heart was equilibrated with 
medium containing 2°5 g inulin/100 ml., and then transferred to an apparatus 
filled with inulin-free medium, the procedure being as described in the transfer 
experiments of the previous section. Samples were taken at 10 min intervals, 
for the estimation of the amount of inulin passing into the medium. The 
results of five experiments are given in Table 4. It will be seen that the amount 
of inulin passing into the medium in each 10 min period is approximately 
one-quarter of the amount appearing in the period before. In correspondence 
with this, no detectable increase in the inulin content of the medium occurred 
after the first 30 min. These results suggest that about three-quarters of the 
inulin remaining in the heart at the time of completion of the perfusion circuit 
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after transfer of the heart is lost to the perfusion fluid in the first 10 min of 1 
perfusion. This suggests that the speed of exchange is of much the same order 
for insulin and inulin. 
TaBLE 4, The time course of appearance of inulin in the medium after transfer of hearts 
equilibrated with 25 mg/ml. of inulin to perfusion with inulin-free medium 
Time-interval Amount of inulin 


(min) appearing (mg) 
0-10 3-48 
10-20 0-93 

20-30 0-21 


Five experiments were performed on hearts of mean weight of 0-68 g. 


The effect of state of activity on the glucose utilization of the heart 
It was observed by accident that when a cannula was used which was too 
long for the particular heart, so that its tip passed through the aortic valves, 
the glucose utilization was higher than had been expected. Experiments were 
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Valves: Competent Incompetent 
Glucose: 015% 03% 

heart. With competent valves the mean rate of glucose utilization is the same whether the 
glucose concentration in the medium is 150 or 600 mg/100 ml. By rendering the valves 
incompetent the rate of utilization is appreciably raised at 300 mg glucose/100 ml. Insulin 
concentration, 2 mU/ml. 


then deliberately made to determine the effect of valvular incompetence on 
the glucose utilization in response to insulin. The results of the experiments 
are given in Fig. 8. We report them in their present incomplete state because 
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circumstances make it impossible to continue the work at present. In all these 
experiments 2 mU/ml. of insulin were used. When the aortic valves are com- 
petent the glucose utilization varies around 45-50 mg/g dry wt./hr, whether 
the glucose content of the medium be 150 or 600 mg/100 ml. When the aortic 
valves are incompetent the glucose utilization at the intermediate glucose 
concentration of 300 mg/100 ml. rises to a mean of 77 mg/g dry wt./hr. 


DISCUSSION 


It is possible to make use of the approximate linear relation between rate of 
glucose utilization and logarithm of the insulin concentration shown in Fig. 6 
to estimate the rate of disappearance of insulin from the heart in the experi- 
ments reported in Table 3. This relation can be expressed as 


G=6 In I+¢c, 


where G is the rate of glucose utilization, J is the insulin concentration in the 
medium, and 6 and c are constants. In the experiments in which hearts are 
transferred from an insulin-containing to an insulin-free medium the dis- 


I/I,=e**, 


where J is the insulin concentration in the medium which would prevent insulin 
exchange between heart and medium at time ¢t, J, is the concentration of 
insulin with which the heart was in equilibrium at zero time, and k is the time 
constant of insulin disappearance, then 


In J =In 
and G=b In 1,+c—bk; 
and also, if G is the mean rate of glucose utilization over any interval centred 
G=b In I,+c—bkt 
= G, — bkt, 


where G, is the glucose utilization rate in the presence of a steady concentra- 
tion, J,, of insulin in the medium. 

This relation is purely empirical, and obviously does not describe the time- 
course of glucose utilization outside certain narrow limits: among other things, 
it predicts negative glucose utilization rates when ¢ exceeds the value G,/b/. 
For the present purpose it has been applied only to observations of glucose 
utilization rate appreciably greater than those found in the absence of insulin. 
Three observations of the four in Table 3 can be used. The values are plotted 
against the mid-point of the time-interval in Fig. 9. They conform very well 
to the hypothesis, and extrapolation back to zero time gives G,=50 mg ¢ 
dry wt./hr, in conformity with the direct finding that the rate of glucose 
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utilization in the presence of a maintained concentration of insulin of 2 mU/ml. 
is 44 + 2-6 mg/g dry wt./hr (Table 2). 

From the slope of the regression line in Fig. 9, which is a measure of bk, and 
from the slope of the regression line in Fig. 6, which is a measure of 6, an 
estimate of k, the time-constant of insulin disappearance can be made. This 
estimate is 0-23 min, corresponding to a half-life of 3 min. The error of this 
estimate is undoubtedly large, but its order of magnitude must be correct. 
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Mean glucose utilization (mg/g dry we./hr) 


L L 
20 30 
0 10 
Fig. 9. The mean rate of glucose utilization in successive periods after transfer of hearts from 
insulin-containing (2 mU/ml.) to insulin-free medium. The times are the mid-points of the 
periods of observation. 


Comparison of inulin exchange with insulin disappearance 
If inulin is extracted from the heart by a process obeying a simple exponen- 
tial relation, the amount extracted in any interval of length 1, commencing at 
time t, will be y = (] — e-#), 


so that a linear relation subsists between the values of In y and the times of 
commencement of successive time-intervals of uniform length i, that is 
In y=Ina+l1n 

Once the slope of this line has been determined, a value of the intercept on the 
y-axis can be made to yield a value of In a, a being the amount of inulin present 
in the heart at zero time: the intercept differs from In a by In (1 —e~**) which 
is known as soon as the slope is known. 

In Fig. 10 the logarithms of the amounts of inulin released into the medium 
in successive 10 min intervals (data of Table 4) are plotted against the times 
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of beginning of these intervals, measured from the time of transfer of the heart 
to closed circulation with inulin-free medium. The slope of the line gives 
a time constant of 0-14 min-!, corresponding to a half-life of just on 5 min. 
This is of the same order as the half-life of disappearance of insulin activity. 


In inulin released (mg) 


0 10 20 
Minutes 


Fig. 10. The semilogarithmic relation between inulin appearance in the medium after transfer of 
the perfused heart from inulin-containing to inulin-free medium and the time of commence- 
ment of successive periods of 10 min. 


Estimation of the mean amount of inulin in the hearts at zero time gives 
a mean value of 4-75 mg. As the medium contained 25 mg/ml. of inulin, this 
corresponds to an inulin space of 0-19 ml. per heart. The mean weight of the 
hearts used was 0-68 g, so that the mean inulin space of the hearts is estimated 
by this procedure to be 28%. Lemley & Meneely (1952) found, in rat hearts 
in which the percentage of water was very close to that found in our perfused 
hearts, that the extracellular water content was 32° of the heart. 

Thus the time-courses of the disappearance of insulin activity from the heart 
and of the appearance of inulin in the perfusing medium resemble one another 
closely : both fit simple exponential decay hypotheses of similar time constants, 
and the fit is good both with respect to the linearity of the appropriate semilog. 
plot and with respect to the estimated zero point from which the decay begins. 
There does not therefore seem to be any ground for supposing that in the 
perfused rat heart there is any firmer bond between insulin and the heart 
muscle than there is between inulin and the heart muscle. Inulin behaves as 
though it were confined to the extracellular space, and there would seem to be 
no need to postulate that insulin had penetrated any more deeply. 
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Comparison between the heart preparation and the surviving diaphragm 

The most obvious difference between the preparations is that in the properly 
perfused heart the exchange between heart and medium is sufficient to extract 
50 %, of even so large a molecule as inulin from the tissue fluids in 5 min, whereas 
in the diaphragm preparation diffusion through a slab of the order of 500u 
thick is necessary for exchange. It is difficult to compute the probable distri- 
bution by diffusion of a molecule of the order of size of that of insulin in a slab 
of the dimensions of the rat diaphragm in experiments of the kind originally 
described by Stadie, Haugaard, Marsh & Hills (1949). In these experiments 
the diaphragm is dipped for 1 min into medium containing 1 unit insulin/ml., 
washed several times very briefly in insulin-free medium, and then incubated 
with glucose. It appears probable that, since insulin is bound to continue to 
diffuse into the interior of the slab as well as to diffuse out into the insulin-free 
medium, appreciable quantities will remain in the diaphragm for a long time. 
In this connexion ‘appreciable quantities’ must be interpreted in the light of 
the finding that, whereas 1 unit/ml., or occasionally 10-* unit/ml. was used 
by Stadie e¢ al. (1952), Groen et al. (1952) obtained very definite systematic 
effects on the diaphragm when the tissue was left in contact with 10-* unit/ml. 
of insulin. 

The present work indicates that firm fixation of insulin by muscular tissue 
is certainly not necessary for insulin action in all muscular tissues, and suggests 
that the apparent firm combination in the diaphragm may be due to the 
difficulties experienced by the last traces of insulin in diffusing out. The recent 
work of Stadie et al. (1952) on labelled insulin does not resolve the difficulty. 
Many of the findings are as consistent with slowness of diffusion as with fixa- 
tion by the tissue. The experiments of Stadie et al. (1952) suggesting that when 
diaphragm is exposed to low insulin concentrations the concentration of insulin 
in the diaphragm may rise above that in the medium are unfortunately open 
to doubt. There is no evidence that the radio-isotope measured remains 
attached to the insulin molecule: it is not even clear whether this apparent 
effect can be obtained with both types of labelled insulin, iodinated and 
esterified with sulphate. 


The effect of aortic incompetence on the response to insulin 
The experiments reported, few though they are, do show that when the 
aortic valves are made incompetent the rate of glucose utilization rises well 
beyond the upper limit to which it can be driven by raising the glucose con- 
centration and the insulin concentration supplied to hearts with competent 
valves. The one clear difference between the hearts is that the ventricles are 
empty or almost so when the valves are competent and that they are filled 
under a head of 80 cm H,O when the valves are incompetent. Since the heart 
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rate is not altered appreciably by making the valves incompetent, it is to be 
presumed that the left ventricle contracting against the distension pressure of 
80 cm H,0 is doing appreciably more work than in the hearts with competent 
valves. 

These experiments therefore suggest that when the heart is doing little or no 
work there is some restraint on its capacity to metabolize glucose which cannot 
be overcome by additional supplies of glucose or insulin, but this restraint can 
be removed in some degree when the heart is made to do additional work. This 
is of importance in the interpretation of such findings as those reported by 
Soskin & Levine (1937, 1940) who showed that in the eviscerated dog the rate 
of glucose utilization can be increased to the same upper limit in the presence 
and absence of insulin, though in the absence of insulin it is necessary to 
increase the blood-sugar concentration to a greater extent in order to attain 
the limiting rate of utilization. The limiting rate found in the work of these 
authors was in the region of 550 mg glucose/kg/hr. This corresponds quite 
closely to the amount necessary to maintain the basal metabolic rate of a dog. 
This puzzling finding, that the tissues of the dog cannot apparently be persuaded 
to increase their rate of glucose oxidation above the level of the basal metabolic 
rate, however far the glucose concentration in the blood is raised, and in 
despite of the provision of large amounts of insulin, is understandable if the 
effects of change of blood-sugar and insulin concentration are subject to the 
overriding influence of a powerful internal restraint in the resting muscles. 
But if this be so, the common upper limit found for glucose utilization rate in 
the presence and absence of insulin gives no necessary indication of a common 
upper limit when the functional restraint is lessened, i.e. during muscular 
activity. It is still necessary to determine directly whether the glucose 
utilization of working muscle can be driven up as far by increase in glucose 
concentration alone as by increase of both glucose and insulin concentrations 
before concluding that insulin does not increase the physiological rate of 
glucose utilization. 


SUMMARY 


1. A stable closed-circuit coronary perfusion preparation of the rat heart is 
described, in which the perfusate is a specially filtered Krebs’s bicarbonate 
medium with half the usual calcium concentration. 

2. The relation between glucose utilization and the concentrations of glucose 
and insulin in the medium is described. The rate of glucose utilization can be 
increased significantly by 6-10-* units of insulin per ml. | 

3. When a rat heart is transferred from an apparatus circulating insulin- 
containing medium to one circulating insulin-free medium the rate of glucose 
utilization rapidly falls towards the level observed in the absence of insulin. 
4. When a rat heart is transferred from inulin-containing to inulin-free 
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medium inulin appears rapidly in the medium. The time-course of fall in 
glucose utilization after transfer from insulin-containing medium would be 
explicable if the insulin left the heart with the speed with which inulin is 
observed to leave the heart, i.e. with a half-time of extraction of 3-5 min. 

5. The rate of glucose utilization of the isolated heart’ reaches an upper 
_ limit (45-50 mg/g dry wt./hr) when the insulin concentration is at 2-10-* 
unit/ml. and the glucose concentration is 150 mg/100 ml. or over. But if the 
aortic valves are rendered incompetent the glucose utilization rate can be much 

6. The significance of these findings is discussed. 


This work was carried out during the tenure by one of us (N.M.B.) of a training grant by the 
Medical Research Council to whom we tender our thanks. 
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THE ACTION OF 5-HYDROXYTRYPTAMINE AND 
TRYPTAMINE ON AORTIC AND CAROTID SINUS 
RECEPTORS IN THE CAT 


By K. H. GINZEL anp 8. R. KOTTEGODA* 
From the Department of Pharmacology, University of Oxford 
(Received 8 July 1953) 


Previous papers dealing with the circulatory and respiratory actions of 
tryptamine and 5-hydroxytryptamine (serotonin) in cats (Reid, 1951; Reid & 
Rand, 1951; Reid, 1952; Page, 1952) have not revealed whether the chemo- 
and baroreceptors of the carotid and aortic regions play any part in the 
responses to these substances. Recently, Douglas & Toh (1953) observed that 
the respiratory stimulant action of 5-hydroxytryptamine in dogs was at least 
partly due to excitation of afferents running in the carotid sinus and vagus 
nerves. However, Heymans & van den Heuvel-Heymans (1953) have been 
unable to confirm this conclusion; they believe that the hyperpnoea provoked 
by 5-hydroxytryptamine has a direct central origin. The respiratory response 
of the cat to tryptamine (Reid, 1951) and to serotonin (Reid & Rand, 1951) 
differs from that of the dog in that an initial apnoeic phase precedes the 
stimulant action of these substances on respiration. 

An analysis of these respiratory responses and the accompanying changes in 
blood pressure in the cat, was undertaken to elucidate the role played by 
receptors of both the carotid and the aortic regions in the effects observed. 


METHODS 


Cats were anaesthetized with chloralose (80 mg/kg body weight, intravenously) or pentobarbitone 
(40 mg/kg body weight, intraperitoneally). The respiration was recorded by the method described 
by Gaddum (1941), with a short glass cannula in the trachea. The blood pressure was recorded 
from the femoral or from the right common carotid artery. In the experiments where the arterial 
pressure was to be maintained at a constant level the side tube of the arterial cannula was attached 
to a compensator of the type described by Krayer & Verney (1936). It consisted of a litre bottle 
containing 500 ml. of 50% dextran in Locke’s solution connected to a stoneware jar of 201. 
capacity. | 

Injections into the carotid sinus were made in eight experiments through a metal cannula 
carrying a tap inserted into the cardiac stump of either lingual artery, the tip of the cannula being 

situated near the origin of the occipital and internal carotid arteries. The external carotid artery 
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was ligated cranial to the origin of the lingual artery. Substances injected were dissolved in 0-1 ml. 
of physiological saline or Ringer Locke's solution. The pH of the injected substance was kept 
between 7 and 7-5. Control injections of solvents alone were repeatedly given. 

In two experiments the carotid sinus nerve was prepared as described by von Euler, Liljestrand 
& Zotterman (1939) and stimulated by means of a square wave stimulator. 

In two cats a fine ureteric catheter was passed down one common carotid artery so that the tip 
of the catheter was in the left ventricle, for injections into the area of the aortic chemoreceptors 
(Comroe, 1939). The correct position of the tip of the catheter was confirmed by post-mortem 
examination. The catheter was filled with the solution of 5-hydroxytryptamine to be injected 
(5 ug/0-1 ml.). In these experiments the carotid sinus regions were denervated. 

For studying the central effects of 5-hydroxytryptamine, injections were made according to the 
method of Calma & Wright (1944). For this purpose the left subclavian artery was isolated and 
its branches except the internal mammary and vertebral were ligated. A metal cannula carrying 
a tap was inserted into the central end of the subclavian artery. 


The substances used were as follows: 5-hydroxytryptamine, kindly supplied by Dr R. K, 
Richards as serotonin creatinine sulphate (Abbott Laboratories); tryptamine hydrochloride 
(Roche) and nicotine hydrogen tartrate (B.D.H.). All the doses of these substances used refer to 


the salt (1-0 mg 5-hydroxytryptamine creatinine sulphate is approximately ores 0-5 mg 
of the base). 


RESULTS 
Injections into the carotid sinus 

Effect on respiration, The usual feature of the respiratory response to 
5-hydroxytryptamine injected into the region of the carotid sinus of the cat 
was a brief apnoea followed by a short stimulation of respiration; the latter 
consisted of an increase in amplitude and sometimes of the rate also. Typical 
examples of these effects are seen in Figs. 1 and 2. The effects were elicited 
with as little as 2~6 ug of 5-hydroxytryptamine. On increasing the dose up to 
50 wg the action became only slightly more pronounced, but was still transitory. 
The relationship of the two components of this biphasic respiratory response 
was not only variable in different experiments but also at different stages of 
the same experiment, and again with different doses of 5-hydroxytryptamine. 
With the same dose, there was sometimes a tendency for the excitatory com- 
ponent to mask the inhibition to an increasing extent during the course of an 
experiment. The same was observed if the dose was gradually increased. 

Tryptamine had qualitatively the same effect as 5-hydroxytryptamine, but 
the latter (calculated as base) was about 20 times stronger in this respect than 
tryptamine (as base) (Fig. 1, 11d). 

When a given dose of 5-hydroxytryptamine was injected twice within a 
period of about 5 min, the response to the second dose was in most cases 
greatly reduced or absent. After 8-10 min, however, the effect was, as a rule, 
fully restored (Fig. 1, I). Sometimes this self-blocking action of 5-hydroxy- 
tryptamine was seen only after a higher dose, when a previously effective 
smaller dose was without effect for a period following the injection of the larger 
dose. The stimulant action of nicotine on respiration remained unaltered during 
the period in which 5-hydroxytryptamine was without effect (Fig. 1, IT). 
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Tryptamine behaved like 5-hydroxytryptamine in blocking the action of 
a subsequent dose of either 5-hydroxytryptamine or tryptamine (Fig. 1, I1d). 
With tryptamine it was observed that the blocking of the action of either 
5-hydroxytryptamine or tryptamine lasted longer (20-60 min) than with 


Fig. 1. I. Cat, 31 kg, chloralose. Record of respiration (Gaddum’s method). Injection made into 
right lingual artery, external carotid artery tied. (a) At N, 3g nicotine hydrogen tartrate 
injected causing a stimulation of respiration. At S, 6 ug of 5-hydroxytryptamine causing an 
initial inhibition followed by stimulation of respiration. A second injection of the same dose 
of nicotine still causes stimulation but the same dose of 5-hydroxytryptamine at S is now 
without effect. (6) Record taken 8 min later showing the return of the respiratory response 
to 5-hydroxytryptamine. II. Cat, 2-7 kg, chloralose. Record and injections as above. 
(a) Nicotine 2g injected at N followed by a control injection of physiological saline at C. 
At 8 4g 5-hydroxytryptamine. (b) Tryptamine 50 yg injected at T having the same action 
a8 4ug 5-hydroxytryptamine. After tryptamine the same dose of 5-hydroxytryptamine at S 
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5-hydroxytryptamine. The respiratory response to nicotine was unaffected by 
tryptamine also. 

Effect on blood pressure. The respiratory effects of 5-hydroxytryptamine 
described above were accompanied by a fall of blood pressure. The onset of 
this fall of blood pressure was after a latent period of a few seconds, and it 
outlasted the respiratory response (Figs. 2, 3). The degree of fall of blood 
pressure was more related to the dose of 5-hydroxytryptamine than was the 
respiratory response. Tryptamine did not cause a fall of blood pressure; it 
sometimes caused a small rise. The self-blocking action of 5-hydroxytrypt- 
amine was also observed on the blood pressure. 
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Fig. 2. Cat, 3 kg, chloralose. Both i cut. Records show respiration (Gaddum’s method); blood 
pressure from right femoral artery. Injections into left lingual artery; external carotid artery 
tied. (a) 2ug nicotine hydrogen tartrate at N; at 8 2ug 5-hydroxytryptamine. (6) | ug 
acetylcholine at A. Between (b) and (c) 1 mg hexamethonium bromide injected into lingua! 
artery and 2 mg atropine sulphate injected intravenously. (c) At N, A and 8, the same dose 
of nicotine, acetylcholine and 5-hydroxytryptamine respectively injected as before. The 
effects of 5-hydroxytryptamine on blood pressure and respiration are unaltered while those 
of nicotine and acetylcholine are absent. (d) Shows the effect of 2 ug 5-hydroxytryptamine 
under constant blood pressure. The respiratory response remains unaltered under these 
conditions. 
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Effect of atropine, hexamethonium and of constant pressure. In Fig. 2 are seen 
the effects of injections of nicotine, 5-hydroxytryptamine and acetylcholine 
into the carotid sinus on the respiration and blood pressure, before and after 
hexamethonium and atropine. It is seen that the stimulant actions of nicotine 
and acetylcholine on the respiration were similar to that of 5-hydroxytrypt- 
amine while acetylcholine caused a fall of blood pressure not unlike that 
produced by 5-hydroxytryptamine. In the presence of hexamethonium and 
atropine, however, neither nicotine nor acetylcholine caused any change in 
either the respiration or the blood pressure, while the actions of 5-hydroxy- 
tryptamine on respiration and blood pressure remained unaltered. In order to 
determine whether the stimulant effect of 5-hydroxytryptamine on respiration 
was a primary one or merely the consequence of the fall of blood pressure, the 
substance was injected (Fig. 2d) as before, but with the blood pressure main- 
tained constant (see Methods). Under these conditions the respiratory response 
to 5-hydroxytryptamine was not altered. Hence it was not an indirect action. 

Effect of sinus nerve section. In accordance with the findings of Neil, 
Redwood & Schweitzer (1949) electrical stimulation of the sinus nerve in cats 
(under pentobarbitone anaesthesia) caused a fall of blood pressure accompanied 
by a stimulation of respiration (Fig. 3). This effect was very similar to that 
observed when 5-hydroxytryptamine was injected into the carotid sinus region. 
Moreover, severance of the sinus nerve abolished the stimulant action of 
5-hydroxytryptamine on respiration and reduced the depressor effect to a 
negligible amount. The initial apnoeic response to 5-hydroxytryptamine 
described above, which was not seen previously in this experiment, appeared 
now to be the only effect on respiration. However, if the dose of 5-hydroxy- 
tryptamine was increased (from 2-6 to 50-100,g), the fall of blood pressure 
was again elicited even after denervation of the carotid sinus region. 


Injections into left ventricle and effect of vagotomy 

In two experiments, where the carotid sinus region was acutely denervated, 
injections of 5-hydroxytryptamine were made through a catheter, the tip of 
which was lying within the left ventricle. In these, 5-10 ug 5-hydroxytrypt- 
amine produced a stimulation of respiration accompanied by a fall of blood 
pressure (Fig. 4). The respiratory change was apparently independent of the 
depressor action of 5-hydroxytryptamine, for it was readily obtained when the 
blood pressure was maintained constant. It was also not affected by doses of 
hexamethonium sufficient to block the action of nicotine on the respiration 
and on the blood pressure. 

After bilateral vagotomy, however, 5-hydroxytryptamine failed to produce 
its actions on the blood pressure and respiration in these doses. Much higher 
doses of 5-hydroxytryptamine (50-100 .g) again caused a fall of blood pressure 
accompanied often by an apnoeic pause in respiration. 
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Injections into subclavian artery 
The depressor and apnoeic responses to high doses of 5-hydroxytryptamine 
obtained with intraventricular injections after vagotomy were obtained when 
a lower dose (104g) was injected through a cannula into the central stump of 
one subclavian artery. These effects.are presumably due to the substance 


Fig. 3. Cat, 3-2 kg, pentobarbitone. Both vagi cut. Respiration (Gaddum’s method); blood 
pressure from left femoral artery. Injections into left lingual artery; external carotid artery 
tied. (a) At 8, 4g 5-hydroxytryptamine injected followed by rectangular wave stimulation 
of the left carotid sinus nerve for 30 sec at the marking. (6) Effect of the same dose of 
5-hydroxytryptamine after section of the carotid sinus nerve. The blood pressure fall is now 
greatly reduced and the respiratory stimulation is replaced by an inhibition of respiration. 


reaching the brain by the shortest route via the vertebral artery (Fig. 4d). The 
fall in blood pressure was followed by a prolonged rise of pressure in this 
experiment. In two other experiments there was only a depressor effect on the 
blood pressure. 
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Fig. 4. Cat, 3-5 kg, chloralose. Both carotid sinus nerves cut and both common carotid arteries 
tied. Respiration (Gaddum’s method). Blood pressure from right carotid artery. Injections 
through a catheter introduced via the left common carotid artery with tip in left ventricle. 
(a) At 8, 5ug 5-hydroxytryptamine injected. (6) At S, same injection under constant pressure 
conditions. The respiratory stimulant action remains unaltered. (c) Both vagi cut at V and 
at 8S, 5yg 5-hydroxytryptamine injected. The fall in blood pressure is greatly reduced and 
there is now only some inhibition of respiration. (d) 10 ug 5-hydroxytryptamine injected into 
right subclavian artery at 8, (see Methods). The fall in blood pressure is here followed by 
a rise and there is an inhibition of respiration. 


DISCUSSION 


Neil et al. (1949) have observed that electrical stimulation of the carotid sinus 
nerve in cats causes a fall of blood pressure accompanied by an increase of 
respiration. They concluded that the depressor effect was due to stimulation 
of fibres arising from the baroreceptors of the carotid sinus, while the stimulant 
action on respiration resulted from excitation of fibres originating in the 
chemoreceptors of the carotid body. The similarity of these effects to those 
induced by the injection of small doses of 5-hydroxytryptamine into the 
carotid sinus region of cats, effects which are abolished by sinus nerve section, 
suggests that these actions of 5-hydroxytryptamine are brought about by 
stimulation of the baroreceptors and chemoreceptors respectively. A fall of 
blood pressure can be caused by inhibition of chemoreceptor activity; such 
an inhibition is, however, unlikely in this case because of the increase of 
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respiration. On the other hand, the increase in respiration was not the con- 
sequence of the fall in blood pressure, as it was still observed when the 
systemic pressure was kept constant by means of a compensator. Again, 
the blood pressure fall was not due to the acapnic effect of hyperpnoea 
on the vasomotor centre (which diminishes the vasomotor discharge and 
thereby lowers the blood pressure), because the hypotensive effect was 
seen in experiments where the stimulant action on respiration was small 
or absent. 

The short apnoeic phase very often seen preceding the respiratory stimulant 
action of 5-hydroxytryptamine was obviously not due to baroreceptor stimula- 
tion or chemoreceptor inhibition because it remained after section of the sinus 
nerve. That this initial inhibition of respiration had a different origin from that 
of the following hyperpnoea was further suggested by the observation that 
these respiratory responses were independent of each other. Sometimes the 
apnoea was more pronounced than the hyperpnoea; sometimes the reverse was 
true. There were also instances where only one of these responses occurred. 
The relationship between these two phases of the respiratory effect of 
5-hydroxytryptamine, when present together, was found to vary during the 
course of one experiment or when different doses of the substance were 
injected. Moreover, it was found that injection of small doses of 5-hydroxy- 
tryptamine into the subclavian artery near the origin of the vertebral artery, 
after denervation of the carotid and aortic receptors, produced a short-lasting 
apnoeic effect accompanied by a fall of blood pressure (Fig. 4). In such 
experiments the effect of doses as small as 5-10 ug injected very near an artery 
supplying the brain is likely to be central. The hypotension seen with injections 
of higher doses of 5-hydroxytryptamine into the carotid and aortic regions 
after denervation is also likely to be a central effect. 

A stimulation of breathing associated with a fall of blood pressure was also 
obtained when low doses of 5-hydroxytryptamine were injected into the left 
ventricle. Since these effects were abolished after section of both vagi it 
appears very likely that they were due to stimulation of the aortic baro- 
receptors and chemoreceptors. In such experiments, the stimulation of 
respiration was also seen when the blood pressure was kept constant 
(Fig. 4). 

The stimulation of respiration accompanied by a fall of blood pressure caused 
by injection of 5-hydroxytryptamine close to the aortic and carotid body 
regions recalls the action of potassium chloride, sodium citrate, ATP, and 
veratrine, which when injected into the carotid sinus cause an increase of 
carotid chemoreceptor and baroreceptor activity (Jarisch, Landgren, Neil & 
Zotterman, 1952). These authors stated that chemoreceptor stimulation pre- 
cedes baroreceptor stimulation, probably owing to the fact that the injected 
substance gains access to the nerve endings of the glomus more readily than 
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to those in the sinus with its smaller blood supply and longer vascular pathway. 
They found, for example, that after intracarotid injections of potassium 
chloride in appropriate doses hyperpnoea appeared first, due to the initial 
predominance of chemoreceptor stimulation ; this was followed by apnoea and 
a fall of blood pressure induced by increased baroreceptor discharges. Our 
finding that the hypotension following intracarotid injections of 5-hydroxy- 
tryptamine occurred after a latency of 3-8 sec and outlasted the respiratory 
stimulation is in accordance with this. The hyperpnoea, however, was not 
succeeded by any appreciable reduction in respiration. 

The respiratory stimulation induced by 5-hydroxytryptamine behaved 
differently from that caused by nicotine and acetylcholine towards other sub- 
stances. Thus, hexamethonium in a dose sufficient to abolish the action of the 
latter substances did not interfere with the action of 5-hydroxytryptamine 
(Fig. 2). On the other hand, nicotine still exerted its stimulant effect on respira- 
tion when 5-hydroxytryptamine was prevented from doing so by the latter’s 
self-antagonism. 

The mechanism of these respiratory and blood pressure effects of 5-hydroxy- 
tryptamine is not yet known. Douglas & Toh (1953) conclude from their 
experiments on dogs that the respiratory stimulant action of 5-hydroxytrypt- 
amine injected into the carotid body region probably does not result from 
local vasoconstriction and anoxia because intracarotid injections of adrenaline, 
thought to be a more powerful vasoconstrictor than 5-hydroxytryptamine, 
did not stimulate respiration. We have recently found that the vasoconstrictor 
potency of 5-hydroxytryptamine may surpass that of adrenaline in some 
parts of the circulation (Ginzel & Kottegoda, 1953). Further, De Castro 
(1951) has shown that adrenaline dilates the vessels of the carotid body thus 
diminishing the discharges from the chemoreceptors and reducing respiratory 
movements. Hence it is still possible that 5-hydroxytryptamine stimulates 
respiration by vascular effects on the carotid body, these being vasoconstrictor 
unlike that of adrenaline. Also the reflex hypotensive effect of injections of 
5-hydroxytryptamine into the carotid sinus may be due to this substance 
constricting the vascular wall of the carotid sinus area and thereby stimulating 
the baroceptors and consequently initiating a reflex fall of blood pressure. This 
has been shown to be true for adrenaline when applied to the external con- 
junctival space surrounding both carotid sinus regions (Heymans & van den 
Heuvel-Heymans, 1950; Landgren, Neil & Zotterman, 1952). 

There remains, however, an alternative explanation for the effects of 
5-hydroxytryptamine on the carotid and aortic regions which is at least as 
probable as that of a local vascular action. Armstrong, Dry, Keele & Markham 
(1953) have shown that 5-hydroxytryptamine produces pain when administered 
to the exposed base of a cantharidin blister. This property of stimulating pain 
fibres in the human skin suggests, as was pointed out by Douglas & Toh (1952), 
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that 5-hydroxytryptamine, in common with other substances which elicit — 


sensory responses from the skin, may also be capable of exciting rents 
reflexes. 

It is difficult to determine the part played by the actions of 5-hydroxy- 
_ tryptamine on the reflexogenic zones of the aorta and of the carotid artery in 
the respiratory and circulatory changes observed when this substance is 
administered intravenously. It seems fairly certain that the magnitude of the 
dose will determine to what extent the primary fall of blood pressure frequently 
observed with intravenous injections is due to the high pulmonary vaso- 
constrictor action of this substance (Reid, 1952), and to what extent to the 
reflex hypotension induced at barosensitive areas. Further, a central depressor 
effect may come into play as suggested by the result of injecting 5-hydroxy- 
tryptamine into the subclavian artery. A comparison of the vascular and 
respiratory effects of 5-hydroxytryptamine before and after bilateral 
vagotomy and denervation of both carotid sinus regions was not possible 
since reproducible effects could not be obtained with repeated intravenous 
administrations of 5-hydroxytryptamine in the high doses necessary for this 
purpose. 

The observation that repeated injections of 5-hydroxytryptamine or 
tryptamine result in decreased responses to these substances had been made 
by several workers (Laidlaw, 1912; Freyburger, Graham, Rapport, Seay, 
Govier, Swoap & Vander Brook, 1952). Recently, Gaddum (1953) has demon- 
strated that the contraction of the guinea-pig ileum caused by 5-hydroxy- 
tryptamine or tryptamine can be blocked by high doses of either substance. 
In the present investigation and elsewhere (Ginzel & Kottegoda, 1953) we 
have found that the desensitizing property of these substances is not only 
present when high doses are employed, but may also occur when a low dose 
is applied repeatedly within a short interval. Similar observations were made 
by Freyburger et al. (1952). Therefore particular attention must be paid to 
this property of 5-hydroxytryptamine and tryptamine when comparative 
studies using repeated application of these substances are carried out. It is 
very likely that many contradictory findings with these two substances can 
be explained by this self-antagonism. 


SUMMARY 


1. Small amounts (2-10yg) of 5-hydroxytryptamine injected into the 
carotid sinus region of the cat caused a fall of blood pressure and a stimulation 
of respiration, usually preceded by a short apnoea. After section of the sinus 
nerve only the apnoeic response remained. Tryptamine affected the respiration 
in a similar fashion but was 20 times less asetniane it caused a slight rise of 
blood pressure. 
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2. Small amounts of 5-hydroxytryptamine injected through a catheter into 
the aortic body region caused excitation of respiration associated with a fall of 
blood pressure. Both these effects were abolished after section of the vagus 
nerves. 

3. The respiratory stimulant action and the hypotensive effect are thought 
to be due to chemoreceptor and baroreceptor stimulation respectively. 

4. The apnoeic response which was also seen with injections of 5-hydroxy- 
tryptamine into the subclavian artery, close to the vertebral, probably has 
a central origin. The same may hold for the fall of blood pressure which was 
observed with intracarotid and intraventricular injections of 5-hydroxy- 
tryptamine after section of the sinus and the vagus nerves. 

5. The effects described in 1 and 2 are not affected by hexamethonium in 
amounts which prevent the stimulant actions of nicotine on chemosensitive 
areas. 

6. Both. 5-hydroxytryptamine and tryptamine produced temporary de- 
sensitization to their own action. 


We wish to express our thanks to Dr R. K. Richards, of the Abbott Laboratories, for kindly 
sending us the sample of serotonin creatinine sulphate used. 


Note added in proof. Work published since this paper was submitted in- 
dicates that mechanisms other than those discussed above may be involved 
in the cardiovascular and respiratury effects of 5-hydroxytryptamine. Mott 
& Paintal (1953) found that 5-hydroxytryptamine causes a reflex apnoea in 
cats by stimulation of sensory receptors situated in the circulation between 
the great veins and the left atrium. Comroe, Van Lingen, Stroud & Roncoroni 
(1953) concluded that in the cat, 5-hydroxytryptamine causes reflex apnoea, 
bradycardia and hypotension and also reflex bronchoconstriction. They believe 
that the sensory receptors for the apnoea, bradycardia and hypotension lie 
both in the lungs and in the area supplied by the coronary arteries, and that 
the afferent nerves run mainly in the vagus. Schneider & Yonkman (1953) 
have reported that 5-hydroxytryptamine excites slowly-adapting pulmonary 
stretch receptors in the cat. 
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THE EFFECTS OF NICOTINE ON THE BLOOD VESSELS OF 
SKELETAL MUSCLE IN THE CAT. AN INVESTIGATION OF 
VASOMOTOR AXON REFLEXES 


By 8. M. HILTON 
From the Physiological Laboratory, University of Cambridge, and the 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 30 July 1953) 


From experiments recently performed on the post-contraction hyperaemia in 
skeletal muscle, it was concluded that the vasodilatation is brought about by 
an axon reflex in dilator fibres of the sympathetic outflow, probably cholinergic 
in nature (Hilton, 1953). 

Axon reflexes in post-ganglionic sympathetic fibres have already been pro- 
duced in the mammalian skin in response to intradermal injections of acety]- 
choline and nicotine. Coon & Rothman (1940) described, as the result of such 
an axon reflex, a widespread pilomotor response in the cat and man. Wada, 
Arai, Takagaki & Nakagawa (1952) showed that, in man, the sweating response 
seen around the site of injection of these drugs is similarly produced. They 
showed, in addition, that higher concentrations (1:10*) of nicotine abolished 
the reflex response previously obtained with lower concentrations (1 :10*). 

These findings suggested the possibility that nicotine could be a useful agent 
for eliciting axon reflexes in the vasomotor nerve fibres in skeletal muscle and, 
in addition, for paralysing the axon reflex responsible for the post-contraction 
hyperaemia. An account of some of the experimental results has already been 


given in a preliminary report (Hilton, 1952). 


METHODS 


All the experiments were performed on cats under chloralose anaesthesia (75-80 mg/kg). The 
Venous outflow from the gastrocnemius muscle was recorded, using a drop-chamber and the 
Gaddum drop timer. The operative procedures used to obtain the venous outflow, to make arterial 
injections and to stimulate the tibial nerve, and all the apparatus used have been previously 
described (Hilton, 1953). Heparin (1000 unite/kg) was given intravenously before any vessels 
were opened. 

In some experiments the sciatic nerve was sectioned 8-15 days before the actual experiment. 
In others, unilateral lumbar sympathectomy, consisting of removal of the five lower lumbar ganglia 
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and the intervening portions of the chain, was performed 14-27 days before the final experiment. 
All these operations were carried out aseptically under pentobarbitone anaesthesia. 

In order to study the effects of drugs on muscles poisoned with botulinum toxin, 25,000 mouse 
LD 50's of type A toxin were injected aseptically into the gastrocnemius under ether anaesthesia 
1-3 days before the actual experiment, as previously described (Hilton, 1953). 

Except where otherwise stated, arterial injections of vasomotor drugs were made in 0-1 ml. 
saline. The doses of nicotine given refer to the tartrate and not to the base. 


RESULTS 
The response to arterial injections of nicotine 
It was found that nicotine, when injected arterially into the gastrocnemius 
muscle, produces vasoconstrictor and vasodilator effects. Fig. la shows 
typical changes in the venous outflow from the muscle in response to such 


Nic Nic. 190pg Nic 100g Nic  10pg Nic 


(b) 

Fig. 1. Records of venous outflow (Gaddum drop timer) from gastrocnemius muscle, and of arterial 
blood pressure. (a) Cat, 3-0 kg, arterial injections of 1, 10 and 100g nicotine. (b) Cat, 
2-5 kg, intravenous injections of 100 and 10 yg nicotine. 


injections. These changes occur without any alteration of the arterial blood 
pressure and are therefore due solely to an action of the nicotine on the vaso- 
motor tone in the muscle. Small doses (1g) give rise to a vasodilatation, 
which is usually followed by constriction when larger doses (10-100 g) are 
injected. The complex response to larger doses varies somewhat from one 
animal to another: in general, the higher the blood pressure the larger is the 
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constrictor component. Occasionally, 100yg nicotine produces a pure con- 
striction (Fig. 2) and, in a few animals, a pure dilatation. 

These vasomotor effects are certainly not due to the fact that small amounts 
of nicotine will have entered the general circulation, for when 10g nicotine 
are given intravenously, no change is seen in blood pressure or muscle blood 
flow, and further, although the intravenous injection of 100g nicotine causes 


Adren 100 ug Nic O-2pg Adren 100mg Nic 


<—1 mg Phentolamine 


(a) (6) 
Fig. 2. Cat, 3-0 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effects of arterial injection of 0-2 ug adrenaline and 100 ug nicotine (a) before, and 
(b) after an arterial injection of 1 mg phentolamine in 1 ml. saline. 


a large rise in blood pressure, it either has no effect on the venous outflow or 
causes but a slight increase in flow which is almost certainly passively pro- 
duced by the increase in blood pressure (Fig. 16). It follows that the arterially 
injected nicotine produces its effects by acting within the muscle, a conclusion 
which is in accord with the finding that these effects are not'altered by cutting 
the sciatic nerve. They could only result, therefore, either from an axon reflex 
or from a direct action of nicotine on the blood vessels. These modes of action 
do not exclude one another, and the effects may be produced in both ways. 


Analysis of the vasoconstrictor effect 
Although the vasoconstrictor effect of nicotine injected arterially into the 
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tion. Eight days after section of the sciatic nerve such vasoconstriction is no 
longer seen. The nerve fibres responsible belong to the sympathetic system 
because the vasoconstrictor effect is also lost 14 days after removal of the 
ipsilateral lumbar sympathetic chain and ganglia. Hence, it appears that the 
constrictor component of the nicotine response is produced by stimulation of 
sympathetic constrictor nerve endings: it should therefore be abolished by 
adrenolytic drugs. That this is so is shown by the experiments illustrated in 


Figs. 2 and 3. 


Nic 1 pug ACh 100 yg Nic 1g ACh 
mg img 


8 


~ 


Venous outflow, drops/min 


(a) (6) 
Fig. 3. Cat, 5-0 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effects of arterial injection of 100 ug nicotine and 1 yg acetyloholine (a) before, and 
(6) after arterial injection of phentolamine. Botulinum toxin had been injected into the 
muscle 3 days previously. 


In Fig. 2a, the response of an innervated muscle to 0-2 ug adrenaline hydro- 
chloride (Parke Davis) is compared with that to 100 ng nicotine: the constrictor 
effect of nicotine is particularly well marked. From Fig. 26, it is seen that an 
arterial injection of 1 mg phentolamine (Regitine, Ciba) reverses the response 
to both adrenaline and nicotine. It might appear from this experiment as 
though phentolamine not only abolishes the constrictor response of nicotine 
but converts it, like that of adrenaline, into a vasodilator effect. In fact, it has 
only unmasked the normal dilator effect of nicotine. This is evident from 
experiments such as that of Fig. 3, in which nicotine produces the usual 
complex response: i.e, vasodilatation followed by constriction. In such exper'i- 
ments the effect of phentolamine is to abolish the vasoconstrictor response 
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while the vasodilator effect is but slightly accentuated, which would be 
expected from the removal of the vasoconstrictor component. 

Results similar to those with nicotine are occasionally obtained with acetyl- 
choline. In a few animals, arterial injection of 1 yg acetylcholine produces, in 
addition to the usual vasodilator response, a vasoconstriction (Fig. 3a) which 
again is abolished by phentolamine (Fig. 35), and which is therefore probably 
also produced through constrictor nerve fibres. 


Cé 
100ugNic. Smg/kg 100ug Nic ACh 


(a) (6) 
Fig. 4. Cat, 2-3 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effects of arterial injection of 100 ng nicotine and | ug acetylcholine (a) before, and 
(6) after arterial injection of 5 mg/kg hexamethonium bromide in | ml. saline. 


Analysis of the vasodilator effect 

The vasodilator response to an arterial injection of 100 ug nicotine is usually 
slightly smaller than that of 1 »g acetylcholine similarly injected. This is seen 
in the experiment of Fig. 4a, in which a previous arterial injection of 1 mg 
phentolamine had been given to abolish the constrictor component of the 
nicotine response. 

This vasodilator action of nicotine is greatly reduced by ganglionic blocking 
agents. Both tetraethylammonium bromide and hexamethonium bromide, 
which are known to block the stimulating action of nicotine and acetylcholine 
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not only on autonomic ganglia but also on sensory and autonomic nerve 
endings, were used for this purpose. After either of these compounds has been 
injected arterially into the muscle, the vasodilator response to a subsequent 
injection of nicotine is found to be greatly reduced, while the acetylcholine 
dilatation is scarcely affected. This is shown for hexamethonium bromide in 
Fig. 46. In order to be effective, the hexamethonium has to be left in the 
muscle for 2—3 min: this is achieved by temporarily excluding the venous 
outflow immediately after the injection. The tetraethylammonium was injected 
in a dose of 15 mg/kg, and did not have to be left in the muscle in order to be 
effective. 

These findings suggest that the dilator effect of nicotine is largely the result 
of stimulation of vasodilator nerve endings, whereas the dilator effect of 
acetylcholine (at least that obtained with the relatively large doses used in 
these experiments) is independent of such vasodilator nerve fibres. 

The small vasodilator response to nicotine which persists after the applica- 
tion of ganglionic blocking agents must be due to a direct action of the drug 
on the muscle vessels themselves. Further evidence for such a non-nervous 
component of the vasodilator response is provided by the finding that nicotine 
does not completely lose its vasodilator effect after degeneration of the sciatic 
nerve or after inactivation of the cholinergic nerve endings by injection of 
botulinum toxin. The experiments shown in Fig. 3, in which nicotine produced 
a good dilator effect, were performed in an animal which had had botulinum 
toxin injected into its gastrocnemius 3 days previously. The vasodilator action 
of acetylcholine was enormously enhanced, probably as a result of the functional 
denervation produced by the toxin. In chronically totally denervated or 
chronically sympathectomized muscles and in those poisoned with botulinum 
toxin, the dilator effect of a small dose of nicotine (1 zg) is usually greater than 
that obtained in normal muscles; but on increasing the dose, the vasodilator 
effect does not increase, so that the response to 100g is often smaller than 
that obtained with this dose in the normal muscle (Figs. 5a and 6a). As a 
result of the reduction in the dilator response to larger doses of nicotine and 
the enhanced effectiveness of acetylcholine, 100 ug nicotine produce in these 
muscles a response which is always somewhat smaller than that to even 0-1 ug 
acetylcholine, and which may be no greater than that to 0-01 yg acetylcholine. 
In a few experiments with muscles that had been injected with botulinum toxin, 
and in one chronically denervated muscle, the vasodilator response to 100 ug 
nicotine was found to be as resistant to hexamethonium bromide as was that 
to lug acetylcholine, both being only slightly reduced. This is illustrated in 
Fig. 6. Phentolamine was given first as in the experiments with hexamethonium 
on normal muscles, so as to provide similar experimental conditions for the 
comparison. As seen in Fig. 6b, there is a small reduction of both responses, 
which could be accounted for by the fall in arterial blood pressure (following 
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the injection of hexamethonium bromide), but the nicotine response is no 
more affected than the acetylcholine response. The relative vasodilator effects 
of nicotine and acetylcholine in the muscle treated with botulinum toxin are 
very similar to those obtained in the normal muscle after hexamethonium 
bromide, as seen from a comparison of Fig. 6a with Fig. 40. 


1g Nic 
1 pg ACh 100ug Nic 1pgACh Nic 


<—1 mg/kg Atropine 


(3) (b) 

Fig. 5. Cat, 2-8 kg. Reeords of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Botulinum toxin had been injected into gastrocnemius muscle 24 hr previously. 
Effects of arterial injection of 1 ug acetylcholine, 1 and 100 ug nicotine (a) before, and (b) after 
1 mg/kg atropine, injected intravenously. 

This hexamethonium-resistant nicotine vasodilatation is abolished by 
atropine in the same doses as those required to abolish the vasodilator effect 

of acetylcholine (Fig. 58). 


The effect of large ‘paralysing’ doses of nicotine 

The conclusion that the vasodilatation produced by nicotine in the muscle 
of the normal cat is partly nervous in origin, partly a direct effect, is supported 
by the results obtained after arterial injection of a large, ‘paralysing’ dose of 
nicotine (1 mg). Such a dose of nicotine does not affect either the dilator 
Tesponse to acetylcholine or the constrictor response to adrenaline, but it 
abolishes the vasoconstrictor effect of nicotine itself (Fig. 7). The vasodilator 
action of a small dose (1g) of nicotine is also abolished, probably because it is 
hervous in origin; a larger dose (100g) of nicotine retains some vasodilator 
effect which is probably a direct action of this drug on the vessels. 
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To obtain these results the paralysing dose of nicotine has to be left in the 
muscle for 2-3 min by occluding the venous outflow. Immediately after 
releasing the clamp and restoring the circulation through the muscle, all drug 
responses are sluggish: the results shown in Fig. 76 are obtained after an 
interval of 10 min. 

Large, paralysing doses of nicotine also greatly reduce the hyperaemic after- 
effect of a short tetanic contraction of the muscle. In Fig. 8a are seen the 
response to lug acetylcholine and the hyperaemia following a 10 sec tetanus 
of the gastrocnemius muscle, obtained by stimulation of the tibial nerve. 

C6 


(b) 
Fig. 6. Cat, 1-8 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Botulinum toxin had been injected into gastrocnemius muscle 3 days 
Effects of arterial injection of nicotine and 1 ug acetylcholine (a) before, and (6) after 
arterial injection of 5 mg/kg hexamethonium bromide in | ml. saline. 


Between a and 6, 1 mg nicotine tartrate was injected. Ten minutes later an 
injection of 200g nicotine still produced some vasoconstriction (Fig. 8b), 
probably because the axon reflex paralysis was not complete. At this stage, 
a 10 sec tetanic contraction of the muscle was maintained at about 90%, of 
normal tension, but the post-contraction hyperaemia was practically abolished. 
lpg acetylcholine still produced its normal, or only a slightly reduced vaso- 
dilatation, When the effect of the paralysing dose of nicotine has worn off 
(after about 45 min), the post-contraction hyperaemia returns. 
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lpg Nic 100mg Nic tug Adren 


1 mg Nic 


Venous outflow, drops/min 


Time 
30 see 


(a) (b) 
Fig. 7. Cat, 3-0 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effects of arterial injection of 1 and 100g nicotine, 1 ug acetylcholine and | ug 
adrenaline (a) before, and (6) 10 min after arterial injection of 1 mg nicotine in | ml. saline. 


200ug Nic Tetanus 1 pg ACh 


ipgACh Tetanus 


<—1 mg Nic 


(a) (6) 

Fig. 8. Cat, 2-8 kg. Records of venous outflow from gastrocnemius muscle, and of arterial blood 
pressure. Effects of arterial injection of 1 ug acetylcholine and of 10 sec tetanus of gastro- 
cnemius (a) before, and (5) 10 min after arterial injection of 1 mg nicotine in 1 ml. saline. 
Effect of 200 ug nicotine also shown (5). 
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DISCUSSION 

The finding that nicotine elicits axon reflexes in sympathetic nerve fibres in 
skeletal muscle is in line with the previous observations of similar axon reflexes 
in the mammalian skin. Since nicotine also stimulates sensory nerve endings 
in the cat’s skin (Brown & Gray, 1948; Douglas & Gray, 1953) and carotid body 
(Douglas, 1952) it is clear that, far from acting in a specific manner at auto- 
nomic ganglia, this drug is quite indiscriminate in its effects on nervous 
structures. 

In skeletal muscle, nicotine produces, by means of an axon reflex in sympa- 
thetic fibres, both vasoconstriction and vasodilatation. The constrictor effect 
of nicotine, on arterial injection into the muscle, is entirely the result of such 
an axon reflex, while the vasodilatation is mainly, though not wholly, ac- 
counted for in this way. A small part of the vasodilator effect appears to result 
from a direct action of nicotine on the vessel wall, even in the normally 
innervated muscle. 

It seems, therefore, that nicotine can stimulate sympathetic nerve endings 
in the same doses as those required to stimulate ganglion cells, and, further, 
that in both cases it acts as readily on adrenergic as on cholinergic fibres. 
Certainly the vasoconstriction seen in these experiments must be effected via 
adrenergic fibres, and the results obtained in the muscles injected with 
botulinum toxim suggest that that part of the vasodilator effect which is 
nervous in origin is mediated by cholinergic fibres. 

The fact that nicotine can produce effects through axon reflexes must be 
kept in mind when interpreting the actions of nicotine on isolated organs. For 
instance, Ambache (1951) and Ambache & Edwards (1951) obtained with 
nicotine an adrenaline-like effect on the isolated intestine of the rabbit and the 
kitten’s stomach, which they considered to be evidence for the presence of 
local ganglion cells giving rise to adrenergic fibres. Accepting that this effect 
of nicotine is nervous in origin, there is no need to postulate the existence of 
such ganglion cells in the wall of the intestine; for the effect could as well be 
explained as the result of an axon reflex in adrenergic nerve fibres supplying 
the intestine. Furthermore, the inhibitory effect of nicotine occasionally 
observed by Evans & Schild (1953) on preparations of the circular muscle 
layer of the cat’s jejunum containing no ganglion cells might also be due to the 
action of nicotine on adrenergic nerve fibres—a possibility which was con- 
sidered by these authors. 

It was previously shown that the intramuscular injection of local anaes- 
thetics and botulinum toxin practically abolished the hyperaemic response to 
muscular contraction, while leaving the vessels with their normal sensitivity 
to substances acting directly on the vessel wall, such as acetylcholine (Hilton, 
1953). In the muscle poisoned by botulinum toxin, the vasodilator response 
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to acetylcholine was even increased, a finding which is attributed to the 
functional denervation produced by the toxin. It has now been shown that 
botulinum toxin affects the axon reflex vasodilatation produced by nicotine 
in the same way as it affects the post-contraction hyperaemia, suggesting that 
the nerve fibres activated are the same in both vascular reactions. This sug- 
gestion is strengthened further by the results obtained with large, paralysing 
doses of nicotine. These abolish the vasoconstrictor response to smaller doses 
of nicotine and reduce the vasodilator response, both effects being probably 
due to the abolition of the axon reflexes in vasomotor nerve fibres. The fact 
that these paralysing doses of nicotine also abolish the post-contraction 
hyperaemia lends further support to the concept of an axon reflex as the main 
mechanism producing the post-contraction hyperaemia, and leads to the con- 
clusion that the nerve fibres activated in this reaction are the same as those 
which are stimulated by nicotine and responsible in the main for its vaso- 
dilator effect also.“ 


SUMMARY 

1. Nicotine, injected arterially into the gastrocnemius muscle of the cat, 
produces vasoconstrictor and vasodilator responses which have been analysed. 

2. The vasoconstrictor response is attributed to an axon reflex in adrenergic 
sympathetic fibres whose endings are stimulated by the nicotine. This con- 
clusion is based on the following findings: (a) the vasoconstriction is no longer 
obtained if the sciatic nerve is sectioned, or the lumbar sympathetic chain and 
ganglia are removed, and time is allowed for nerve degeneration; (6) acute 
section of the sciatic nerve does not affect the vasoconstrictor response; and 
(c) phentolamine, in doses which reverse the constrictor action of adrenaline, 
abolishes the constrictor response to nicotine. 

3. The vasodilator response is attributed partly to an axon reflex in 
cholinergic vasodilator fibres, and partly to a direct action of nicotine on the 
muscle blood vessels. The evidence for this conclusion is as follows: (4) in 
normal muscles, hexamethonium and tetraethylammonium bromide con- 
siderably reduce, but do not abolish, the vasodilator response: (5) in chronically 
denervated muscles and in muscles poisoned with botulinum toxin, the vaso- 
dilator response to nicotine (100,g) is usually smaller than normal. This 
response is scarcely affected by hexamethonium bromide but is abolished by 
atropine. 

4. In large doses, nicotine paralyses these axon reflex vascular reactions, 
while leaving the vessels normally responsive to the vasodilator action of 
acetylcholine and the vasoconstrictor action of adrenaline. ; 

5. Large, ‘paralysing’ doses of nicotine also abolish the post-contraction 
hyperaemia. This result lends support to the concept of an axon reflex as the 
main mechanism producing the post-contraction hyperaemia in skeletal 
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muscle, and leads to the conclusion that the nerve fibres activated in this 
reaction are the same as those which are stimulated by nicotine and responsible 
also, in the main, for its vasodilator effect. 


Part of this work was carried out during the tenure of a personal grant from the Medical 
Research Council. 


I am very grateful to Dr Keppie, Microbiological Research Department, Porton, for a gift of 


botulinum toxin and to Ciba Laboratories, Ltd., for supplies of phentolamine. 
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THE EFFECTS OF IN VIVO HEPARIN ON PLASMA 
ESTERASE ACTIVITY AND LIPAEMIA CLEARING* 


By 8. W. LEVY anp ROY L. SWANK 


From the Department of Neurology and Neurosurgery, McGill University 
and the Montreal Neurological Institute 


(Received 4 August 1953) 


Hahn (1943) observed that the injection of heparin into lipaemic animals 
causes rapid clearing of the visible fat from the blood. This observation has 
been subsequently confirmed and extended. Doses of heparin, which are too 
small to produce changes in blood clotting time, thrombin inactivating power 
of the serum, or metachromatic and antithrombic activity of plasma extracts, 
are sometimes sufficient to cause notable though transient clearing of a lipaemia 
(Swank & Levy, 1952). The fat-clearing phenomenon has been shown also to 
occur in response to the injection of heparin-like substances (Waldron & 
Friedman, 1948; Brown, 1952) and to be reversed by the injection of protamine 
(Brown, 1952) which is known to form an inactive salt with heparin in respect 
to its anticoagulant activity (Chargaff & Olsen, 1937). It has also been claimed 
that fat clearing due to heparin may occur through the circulation of a limb 
(Weld, 1944; Swank & Levy, 1952), although this has been denied (Anfinsen, 
Boyle & Brown, 1952), Clearing does not, however, occur through the circula- 
tion of the brain (Swank & Levy, 1952). 

Since in vitro heparin does not alter the turbidity or chylomicron count of 
lipaemic plasma, it is evident that in vivo heparin causes the appearance of 
a lipaemia ‘clearing factor’ in the intact circulation. A test for clearing-factor 
activity has been devised (Anderson & Fawcett, 1950) which is based on the 
ability of post-heparin plasma to clear lipaemic plasma in the test tube. The 
reaction appears to be a great deal slower than that which occurs in vivo. 
A corresponding observation is the perceptible disappearance of chylomicra 
in post-heparin plasma under dark field illumination (Swank, 1951), although 
it should be noted that much of the plasma turbidity is due to fat particles 
which are too small to be counted or observed discretely (Frazer, 1948; Levy, 
Kraft & Necheles, 1952). It is therefore assumed that the fat dissolves in the 

* Supported by the Multiple Sclerosis Society of Canada and the Department of National 
Health and Welfare, Ottawa. 
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plasma, although a physical removal or adsorption of the chylomicra in the 
capillary circulation is not ruled out (Swank & Wilmot, 1951). 

The lipaemia-clearing factor has been found to reside mainly in Frac- 
tion III-1, 2, 3 (Cohn, Gurd, Surgenor, Barnes, Brown, Derouaux, Gillespie, 
Kahnt, Lever, Liu, Mittelman, Mouton, Schmid & Uroma, 1950) of post- 
heparin plasma following low-temperature alcohol fractionation, but the par- 
ticipation of a co-protein in plasma as well as a tissue factor, in the clearing 
reaction has also been demonstrated (Anfinsen e al. 1952). The role of 
heparin in this lipaemia-clearing system is not clearly understood since its 
presence has been reported as being possibly non-essential for the clearing 
reaction (Levy & Swank, 1953). However, since the methods of heparin assay 
based on its anticoagulant or metachromatic properties may not detect 
amounts of blood heparin sufficient to cause clearing, such determinations of 
blood heparin activity are no absolute criterion for its requirement in the 
clearing reaction. It is known that lipaemic animals which have suffered 
circulatory shock due to anaphylaxis or to the injection of certain histamine 
liberators may release enormous amounts of heparin into the blood without 
evidence of clearing (Levy & Swank, 1953). It seems possible, therefore, that 
traces of heparin or some heparin substitute are needed for the clearing 
reaction, and that this reaction may be inhibited by other agents released 
during shock. 

Although the normal disappearance of the post-prandial lipaemia is not 
generally attributed to plasma esterase activity (Ammon & Jaarma, 1950), 
the presence in blood of enzymes which hydrolyse lower fats and other fatty 
acid esters has led us to investigate the role of heparin in fat clearing as 
a function of enzyme activity. It is important to note that the esterases found 
in blood and extra-pancreatic tissues act very poorly or not at all on the long- 
_ chain fats and are therefore not considered to function as true lipases. Their 
normal role in fat metabolism is a subject of controversy (Myers & Mendel, 
1953), and our findings seem to indicate that, under the influence of certain 
physiological agents which enhance their activity, they can, oaergess Play an 
important role in fat metabolism. 


MATERIALS AND METHODS 


Dogs were fed 4 g of cream fat, cod-liver oil or glycerol trioleate per kg body weight. Three hours 
later control lipaemic blood samples (pre-heparin) were drawn into syringes containing 1/10 vol. 
of 0-1 m-sodium citrate. Heparin or heparin-like substances were then injected intravenously and 
a series of blood samples (post-heparin) or a continuous large sample was drawn into citrate during 
the course of the next 30 min period. In several experiments protamine sulphate (dissolved in 
0-05 x-HCl) or azure A was injected 5~10 min after the heparin injection, and further blood samples 
were drawn. The blood was centrifuged for 5 min and the plasma removed and examined for 
relative turbidity. The plasma samples were then divided for heparin and esterase determinations. 

Heparin extractions from the plasma were performed by the phenol method of Monkhouse & 
Jaques (1950). The metachromatic assay of Jaques, Bruce-Mitford & Ricker (1947) was modified 
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_ for reading low heparin concentrations. A stock solution (100 mg %) of the blue dye azure A 
(National Aniline Corporation : total dye content, 92%) made up in distilled water was kept in the 
frigidaire. Using borate buffer (pH 8-5) as diluent, a 3 mg % solution was prepared immediately 
before use. The dye—buffer solution (5-0 ml.) was pipetted into a standard Coleman cuvette 
(19 x 105 mm) and 0-5 ml. of the plasma extract was added. Optical density was read at 500 mu 
in a Coleman model 14 spectrophotometer against a dye—buffer-saline blank. The heparin con- 
centration in units of metachromatic activity (m.a. units/ml.) was readily obtained by referring to 
a standard curve prepared from a series of dilutions of heparin (Connaught Laboratories) which 
had been assayed for antithrombin activity against a solution of the International Standard 
Powder (130 i.u./mg). 

Esterase determinations were performed essentially by the manometric method of Rona & 
Lasnitzki (1924). A 1-3% solution of NaHCO, was gassed with 5% CO, in N, (v/v) for 15 min and 
1-4 ml. were added to each Warburg flask. 0-5 ml. of a 5% (v/v) emulsion of tributyrin (Fisher) 
in distilled water was then added and the flasks were brought to a volume of 2-5 ml. by addition 
of a calcium-free Ringer's solution of five times the usual concentration (NaCl 4-6, KCl 0-21, 
NaHCO, 0-15 g/100 ml.). The citrated plasma samples (0-5 ml.) were added to the side arms and 
the vessels were gassed (5% CO,, 95% N,) and equilibrated at 38° C on the Warburg bath. (No 
significant differences were observed when serum was employed as the source of enzyme.) The 
plasma samples were then tipped into the flasks and the CO, evolved was measured at 10 min 
intervals for a period of 1 hr. The first 10 min reading was discounted in calculating average gas 
output. Tributyrin esterase activity (TB esterase) is expressed as pl. CO,/0-5 ml. plasma/30 min. 
A maximum deviation of + 14% has been established for the method in our hands. 

The estimation of clearing factor (0.¥.) activity was carried out in Coleman cuvettes (19 x 105mm; 
min vol. 5-6 ml.). Post-heparin plasma (1-8 ml.) was mixed with lipaemic plasma (3-6 ml.) to 
which 0-2 ml. of 0-85% NaCl solution had been added. Optical density was read at 650 my, unless 
otherwise stated. Readings were taken at 10 min intervals for 90 min. The effect of inhibitors was 
studied by replacing the NaCl solution with the agent to be examined. The above method was 
later modified by using appropriate dilutions of both lipaemic and post-heparin plasma (e.g. 1:3) 
in order to reduce the required volume of blood. 


RESULTS 
The effects of in vitro and in vivo heparin on TB esterase 
activity in dog plasma 

When different amounts of heparin are incubated with citrated whole blood 
(1 hr at 37° C) no significant changes occur in the esterase activity of the 
drawn plasma. Concentrations of added heparin up to 5-0 units/ml. of whole 
dog blood did not significantly alter the esterase activity of the plasma. While 
Fig. 4a shows this clearly in the case of pre-heparin blood, it is possible that 
a slight but real change occurred when heparin was added to post-heparin 
blood in this experiment, The increase in activity shown in the latter instance, 
however, does not exceed the maximum deviation established for the method 
by triplicate determinations. The addition of up to 40 units of heparin to 
06 ml. of dog plasma also had no effect on the normal TB esterase level. 

The intravenous injection of heparin in lipaemic or fasting dogs produces 
a marked rise in esterase activity within 2... (Tig. 1). The maximum in- 
crease does not appear to depend entirely upon the dosage of heparin injected 
but varies from 50 to over 100% in different animals on a standard dose 
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of 25 units/kg. Extremely small doses of heparin (e.g. 5-0 units/kg) are some- 
times sufficient to produce a transient increase in esterase activity. The dura- 
tion of effect appears to vary with the dosage. In lipaemic dogs the rise in 
esterase activity following heparin is accompanied by notable clearing of the 
visible fat from the blood. 
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Fig. 1. Effects of fat-feeding and intravenous heparin on plasma turbidity, heparin and esterase 
activity. Dog: 20 kg, 3, was fed 40 g cod-liver oil emulsified in skim milk. Three hours later, 
400 units of heparin were injected intravenously as shown at arrow. x— x, plasma-esterase 
activity; O—O, plasma heparin (metachromatic activity). Vertical bars, turbidity, esti- 
mated by inspection. 
The effects of protamine and azure A injections following heparin 
Since protamine and azure A are known to form inactive salts with heparin, 
and protamine reverses the clearing of a lipaemia by heparin injections, the 
in vivo effects of these agents were tested upon the plasma turbidity, heparin, 
and esterase activity of heparinized, lipaemic dogs. The results of a typical 
experiment with protamine sulphate are shown in Fig. 2. The intravenous 
injection of this agent promptly reverses the response to heparin injections in 
all respects. An equally distinct though less easily demonstrable effect has 
also been observed after injections of azure A. However, the latter must be 
used in an extremely large dose (5 mg/kg) to be effective, and the interference 
with light transmission of the intensely blue plasma in some of the tests is 
difficult to control. Several experiments have been performed, however, in 
which the injection of azure A produced marked increases in plasma turbidity 
coincident with reductions in TB esterase activity. Although optical density 
determinations of plasma at 450 my following administration of azure A do 
not measure changes in turbidity alone (variations in haemoglobin concentra- 
tion of the different plasma samples are also measured at this wave-length), 
these values have been included in Fig. 3, since they reflect the qualitative 
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Fig. 2. Effects of intravenous heparin and protamine on plasma turbidity, heparin and esterase 
activity. Dog: 15-4 kg, 3, fed 4 g cream fat/kg body weight. Three hours later at lst arrow, 
385 unite of heparin were injected. Protamine sulphate (2 mg/kg body weight) was injected 
at 2nd arrow. x—x, plasma esterase activity; O—O, plasma heparin (metachromatic 
activity). Turbidity estimated by inspection. 
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Fig. 3, Effects of heparin and azure A injected into the femoral artery on plasma turbidity, 
heparin and esterase activity of blood samples drawn from the femoral vein. Dog: 12-6 kg, ¢, 
fed 4g cream fat/kg body weight. Heparin (100 units) and azure A (6 mg/kg) injected at 
arrows. x— x, plasma esterase activity; O—O, plasma heparin (metachromatic activity). 
Turbidity was expressed as optical density. 
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changes in turbidity observed on inspection. The experiment described in 
Fig. 3 also illustrates two other points which are worthy of note. The first is 
that certain dogs at times exhibit an abnormally raised TB esterase activity 
and may in such cases appear somewhat refractory to further increases by 
heparin. It should be noted, however, that the dosage of heparin administered 
in this experiment was only 8-0 units/kg. Secondly, a very large dose of 
azure A may cause a transient fall in TB esterase activity to subnormal levels 
followed by a return to average normal values for most dogs. (Normal range: 
90-120 yl. CO,/0-5 ml. plasma/30 min.) This effect may be associated with the 
known inhibition by methylene blue and other basic dyes of serum cholin- 
esterase (Massart & Dufait, 1941), which overlaps widely in specificity with 
the common ali-esterase of plasma. 


An in vitro study on plasma TB esterase activity following in vivo heparin 

The foregoing study suggested to us the possibility that the rise in esterase 
activity following heparin injections was due not toan increase in esterase content 
of the plasma but rather to the formation of an esterase activator. The role of 
heparin in this activation system appeared to be essential since its inactivation 
by protamine injections always resulted in a decrease in esterase activity to 
the normal pre-heparin level but not below (cf. Fig. 2). In order to test this 
ffect, 25 ml. samples of pre- and post-heparin blood were drawn from a dog. 
The blood was used firstly for testing the effects of in vitro heparin on esterase 
activity, and secondly for studying the effect of varying concentrations of 
azure A upon the esterase activity of post-heparin plasma (azure A was used 
instead of protamine in this test because the latter is incompletely soluble at 
the pH of the bicarbonate buffer). The results of this experiment are illustrated 
in Fig. 4. Azure A (0-05 mg) produced a sharp drop in the esterase activity of 
post-heparin plasma. A further slow decrease occurred with increasing con- 
centrations of azure A, but the esterase activity did not fall below the normal 
pre-heparin level even in the presence of 0-6 mg of azure A. The shape of this 
curve appears to suggest two distinct phases in the inactivation by azure A of 
the heparin-potentiated esterase activity. 


The influence of temperature and azure A on clearing factor 
and esterase actwity in post-heparin plasma 
The observations described indicated to us that clearing factor and the 
‘esterase-activator’ were possibly one and the same substance. If this hypo- 
thesis were correct, the inactivation temperature for both should be the same. 
Large pre- and post-heparin blood samples were therefore drawn for incubating 
aliquots of plasma for 5 min at different temperatures. Determinations of 
clearing factor and esterase activity were performed on the same plasma 
samples. The results of this experiment are shown in Fig. 5. It can be seen that 
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after an incubation temperature of 60° C inactivation of the TB esterase 
‘activator’ was complete and was accompanied by a total inactivation of 
clearing-factor activity. Incubation of the plasma at 55° C caused significant 
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Heparin (units/ml. blood) Azure A (mg/mi. plasma) 
Fig. 4. Effects of in vitro heparin (a) and azure A (6) on plasma esterase activity. x — x, heparin 
added to pre-heparin blood; O—O, heparin added to post-heparin blood (containing 0-34 
metachromatic units/ml.); @—@, azure A added to post-heparin plasma. 
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Fig. 5. Decrease in optical density, i.e. clearing-factor activity (a) and esterase activity (b) of 
post-heparin plasma following incubation for 5 min at the temperatures shown. Control, 
pre-heparin plasma. 
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reductions in activity of both esterase and clearing factor. At 65° C destruc- 
tion of the plasma TB esterase itself apparently occurred. 

Having previously shown that azure A both in vitro and in vivo caused the 
inactivation of esterase ‘activator’, an important adjunct to these or wal 
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was to test the effects of azure A and protamine on clearing-factor activity 
in vitro. When this was done (Fig. 6) it was found that both of these heparin- 
combining agents markedly inhibited clearing-factor activity of post-heparin 
plasma. The inhibitory effect of protamine has recently been reported by 
Brown & Kauffman (1953). 
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Fig. 6. Effects of (a) protamine and (5) azure A in vitro on clearing-factor activity of post-heparin 
plasma, assessed as decrease in optical density of pre-heparin, i.e. lipaemic plasma. (For 
description see text.) 


The experiment described in Fig. 6a was performed with undiluted samples 
of lipaemic and post-heparin dog plasma as described under ‘Methods’. It 
can be seen that in the absence of protamine, post-heparin plasma exhibited 
marked clearing activity, whereas in its presence the activity was notably 
decreased. The curve showing the effect of HCl on clearing-factor activity 
represents a control experiment for the protamine which was dissolved in 
0-05 n-HCl. The protamine added was present in a final concentration of 
10 mg/100 ml. Fig. 66 shows the inhibitory effect of azure A on clearing-factor 
activity of post-heparin plasma. In this experiment the plasma samples were 
diluted 1:3 in 0-85% NaCl prior to use. In practice, 1 ml. of lipaemic plasma 
was mixed with 3-7 ml. of 0-85% NaCi and 1 ml. of post-heparin plasma was 
incubated for 10 min with 0-3 ml. of either 0-85°% NaCl or azure A (50 mg/ml.) 
before mixing. Optical density readings were taken at a wave-length of 460 my 
in this experiment. 

Our results further show that azure A in a concentration which strongly 
inhibited clearing-factor activity of post-heparin plasma, also markedly 
decreased the esterase activity of similarly obtained plasma. However, we 
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were unable to demonstrate a quantitative relationship between the two effects. 
The heparin-induced esterase activity appears to be more labile to azure A than 
the induced clearing-factor activity, although the latter response is somewhat 
more sensitive to injections of heparin. 


Further experiments designed to show a possible identity between 
clearing factor and the esterase activator 

(1) Since clearing of a lipaemia occurs following the injection of heparin-like 
substances, two such agents were injected into lipaemic dogs in order to 
observe their effects on both plasma clearing and esterase activity. The drugs 
employed were Treburon (a sulphated sodium salt of polygalacturonic acid 
methyl ester methyl glycoside) and Paritol (a polyanhydromannuronic acid 
polysulphuric acid ester). An intravenous injection of 1 mg/kg body weight 
caused rapid clearing of the lipaemia coincident with a marked increase both 
in esterase activity of the plasma and in metachromatic activity of plasma 
extracts. The injection of protamine sulphate 10 min later was followed by 
a rapid reversal of all three effects. 

(2) The injection of heparin into lipaemic humans causes rapid clearing of 
the lipaemia. However, although suggestive changes did occur we have not 
been able to demonstrate significant increases in TB esterase activity of human 
post-heparin plasma. This may be due to the fact that the normal TB esterase 
activity of human plasma is very high (about 34 times) compared with dog 
plasma, and the effect may be masked by the simultaneous measurement of 
tributyrin hydrolysis by non-specific esterases. The presence of at least two 
different esterases in human serum has been demonstrated (Adams & Whit- 
taker, 1949; Seligman & Nachlas, 1950; Aldridge, 1953). 

(3) The fact that post-heparin clearing has been shown to occur through the 
circulation of a limb and thus appears to involve no specific organ, led us to 
study the plasma esterase activity of blood which had circulated only through 
the channels of the limb in dogs. In several experiments 25 units of heparin 
were injected into the femoral artery, and samples were drawn in rapid succes- 
sion from the femoral vein. No significant changes in post-heparin plasma 
esterase were found, although some clearing of successive plasma samples was 
observed and the metachromatic activity of plasma extracts was greatly 
increased. The results of these and other experiments in which larger intra- 
arterial doses of heparin were given have confirmed our previously contested 
finding that clearing occurs through the circulation of a limb (see Fig. 3). 
Samples drawn within 35 sec of the heparin injection also exhibited distinctly 
raised clearing-factor activity compared with pre-heparin controls. However, 
no significant increase in esterase activity of these plasma samples has ever 
been observed. The results of these experiments therefore do not support the 
hypothesis that clearing factor and the esterase ‘activator’ are the same system. 
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However, neither do they disprove the above view since, as previously men- 
tioned, the clearing-factor test is somewhat more sensitive to in vivo heparin 
than the determination of esterase activity. 

(4) Since several authors have reported that clearing factor is unaffected by 
dialysis, we have subjected both pre- and post-heparin dog plasma to 24 hr 
dialysis in cellophane against both Ringer’s solution and distilled water. No 
significant effects were observed on either clearing-factor or esterase activity 
of the plasma samples. 

(5) Although anaphylactic shock in dogs has a variable effect on lipaemia 
clearing, we have observed that the release of native heparin during shock is 
accompanied by a marked rise in plasma esterase activity within 2 min 
following a shock dose of egg-white. 


DISCUSSION 


It has been pointed out by Bloor (1939) that the metabolism of fat in the 
animal body presents problems for the organism which are not encountered in 
the handling of carbohydrates or proteins. Neither the neutral fats nor their 
constituent fatty acids are water soluble, whereas the basic components of 
carbohydrates and proteins are readily soluble in body fluids, It is therefore 
important that fat-dissolving mechanisms be available for the passage of fatty 
materials across cell membranes and for their participation in anabolic and 
energy-releasing reactions. The possible presence of such a system in the 
intestine has been shown by Frazer, Schulman & Stewart (1944). While a 
different surface complex containing protein and phospholipid probably 
functions in blood, presumably a system of this kind is subject to many 
influences which by increasing or decreasing its fat-solvent capacity could 
regulate the dissolution and suspension of fat in the blood. The influence of 
én vwo heparin upon the suspension stability of the blood has been discussed 
by Swank (1951). 

While the physiological role of heparin has often been speculated upon in the 
past with respect to its potent anticoagulant effects, the fact that attempts to 
prove and measure its presence in normal blood have been unconvincing has 
been a real obstacle to assigning a normal anticoagulant role to native body 
heparin. On the other hand, the fact that the injection of heparin in a dose 
which is too small to become manifest as an increase in blood heparin activity 
in terms of its known properties, is adequate for lipaemia clearing, suggests 
the possibility that heparin may play a normal role in fat transport and 
metabolism. 

Brown (1952) has suggested, on the basis of his studies on fatty acids in the 
plasma of lipaemic rats, that nearly all of the plasma fat contained in the 
chylomicra is removed from the plasma within 5 min following injections of 
heparin. Swank & Wilmot (1951) have shown by lipid analyses that lipaemia 
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clearing in dogs is generally accompanied first by a shift of neutral fat from 
a visible state (chylomicra) to an invisible or dissolved state in the plasma. 
This is followed shortly by a beginning of the removal of the dissolved fat from 
the plasma. The rapid return of visible fat after injections of protamine would 
seem to suggest that much of the neutral fat remains in the plasma following 
injections of heparin. Further light has been thrown recently on the properties 
and mechanism of lipaemia clearing in vitro (French, Robinson & Florey, 1953). 
It was shown that chyle which is present in excess in an in vitro clearing system 
(i.e. incubated with post-heparin plasma) shows changed surface properties and 
increased aggregation tendencies and can oe be cleared by normal 
plasma. 

The rapid clearing of visible fat from the blood under the influence of heparin 
or other agents could occur in several distinct ways or in combinations 
of them. These are: (a) the physical adsorption of fat to the endothelium of 
blood vessels; (6) a chylomicron-filtering mechanism by the capillaries and 
small blood vessels ; (c) the enzymic breakdown of fat and subsequent migration, 
metabolism or dissolution of constituent fatty acids, glycerol and/or glycerides; 
and (d) an increase in fat-dissolving capacity of the blood (cf. above). 

Our finding that lipaemia clearing in dogs following the injection of very 
small doses of heparin is accompanied by an increase in tributyrin esterase 
activity of the plasma appears to suggest that mechanism (c) is at least partly 
responsible for the lipaemia-clearing effect. However, since it is known that 
heparin also increases the fibrinolytic and thrombin-inactivating power of 
plasma (Vinazzer, 1951; Astrup, 1944) it cannot be suggested that the rise in 
esterase activity is a specific adaptive response which results in clearing of the 
lipaemia. Also, as mentioned previously, the poorly defined role of esterases 


’ in blood and extra-pancreatic tissues does not permit the conclusion to be 


drawn that a rise in plasma esterase activity is involved in the mechanism of 
lipaemia clearing. However, although our initial attempts to demonstrate true 
lipolytic properties in post-heparin dog plasma (using lipaemic plasma and 
washed chylomicra as substrates) have not been fruitful, the many points of 
similarity between ‘esterase-activator’ and ‘clearing factor’ suggest to us that 
‘activated’ blood esterase acts somewhere along the chain of events leading to 
the breakdown and disposal of blood fat. The enzymic nature of ‘clearing 
factor’ has also been pointed out by Anfinsen e¢ al. (1952). 

The evidence which we have gathered in support of this view may be 
summarized as follows. (a) The injection of extremely small doses of heparin in 
lipaemic dogs causes both clearing and a rise in plasma esterase activity. (6) The 
extent of clearing after in vivo heparin is generally proportional to the degree 
of esterase activation. (c) Both clearing and esterase activation are rapidly and 
simultaneously reversed by in vivo protamine and azure A. (d) In vitro azure A 
inhibits both factor activity and esterase activation; protamine 
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abolishes clearing-factor activity. (e) Incubation of post-heparin plasma at 
60° C abolishes both clearing-factor activity and esterase potentiation. Both 
are markedly reduced following incubation at 55°C. (f) Dialysis of post- 
heparin plasma affects neither clearing-factor nor esterase activity. (g) In vitro 
heparin causes neither clearing nor a rise in esterase activity of the plasma. 

These results suggest that either clearing factor and esterase activator are 
one and the same system, or are closely interdependent. Since heparin-binding 
agents can inhibit both systems, it seems probable that heparin is held in 
dissociable electrovalent bondage with the plasma proteins and/or tissue factor 
involved in the clearing reaction and in esterase activation and probably obeys 
mass-law relationships as discussed by Jaques (1943). 

The physiological significance of ‘estérase-activator’ is open to further 
research and speculation. As mentioned previously, the role of esterases in 
blood and other tissues is not understood since they fail to hydrolyse olive oil 
and high triglycerides. However, it is conceivable that under physiological 
conditions permitting removal of the products of hydrolysis, which have not 
been duplicated in esterase activity studies, they can play an important role 
in fat metabolism. It is also worthy of note that heparin, which is widely 
distributed in the tissues of the body, could function as an essential part of an 
esterase activator which has been shown here to be closely associated with the 
lipaemia-clearing system. It is conceivable then that either normally or under 
conditions of stress to the organism the release of native heparin into the blood 
stream may act to enhance the metabolism of fat. 

In conclusion it should be emphasized that the foregoing considerations are 
applicable only to the canine species. The great diversity of esterase properties 
in terms of substrate specificity, inhibition and activation by various agents, 
pH optima, etc., does not permit broad generalizations to be made without 
further research into the problem. 

While our studies were in progress, a report appeared to the effect that 
‘heparin fails to increase serum lipase activity on injection into normal or 
lipemic animals’ (Spitzer, 1952). Since rabbits appear to have been the only 
species examined and a titration method of assay for tributyrin esterase activity 
was employed, the apparent discrepancy between our results and those of 
Spitzer require further investigation. 

SUMMARY 

1. The injection of heparin intravenously into lipaemic or fasting dogs 
produces a marked rise in plasma tributyrin esterase activity within 2 min of 
the injection. In fat-fed animals, the rise in esterase activity is accompanied 
by clearing of the resulting lipaemia. 

2. Extremely small doses of heparin (e.g. 5-0 units/kg body weight) are 
sufficient to produce these changes, but the incubation of heparin with lipaemic 
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whole blood im vitro has no influence on the plasma esterase level or its 
turbidity. 

3. The injection of protamine sulphate or azure A into fat-fed dogs after 
clearing of the lipaemia by heparin, produces a return of the plasma turbidity 
and a rapid fall in heparin and esterase activity of the plasma to normal levels. 

4. The addition of protamine or azure A to post-heparin plasma inhibits its 
ability to clear lipaemic plasma in vitro (clearing-factor activity). The poten- 
tiated esterase activity of post-heparin plasma is brought to normal by addi- 
tion of low concentrations of azure A. 

5. Incubation of post-heparin plasma for 5 min at 60°C abolishes its 
clearing-factor activity and lowers the raised esterase activity to the normal 
pre-heparin level. Both clearing-factor and esterase activity are diminished 
after incubation of the plasma at 55° C. 

6. Dialysis of post-heparin plasma in cellophane has no effect on either its 
clearing-factor or esterase activity. 

7. The injection of the heparin-like substances Treburon and Paritol 
intravenously in lipaemic dogs produces a rise in plasma esterase activity 
and clearing of the lipaemia. Both effects are reversed by the injection of 
protamine. 

8. The injection of heparin intravenously into human subjects produces 
marked clearing of an alimentary lipaemia. This effect is accompanied only 
by small variable changes in plasma esterase activity. 

9. The injection of heparin into the femoral artery of dogs produces slight 
lipaemia-clearing in samples drawn from the femoral vein before circulation is 
complete. These samples exhibit no changes in plasma esterase activity. 

10. The appearance of native heparin in the blood of dogs during anaphy- 
lactic shock is accompanied by a rise in esterase activity of the plasma. 

11. The implications of these findings are discussed. It is suggested that 
the rise in plasma tributyrin esterase activity in dogs following the injection 
of heparin is associated with lipaemia-clearing in these animals, and that 
heparin in this way may play a normal physiological role in fat-transport and 
metabolism. 

We wish to thank Hoffman LaRoche, Ltd. and Wyeth Inc. for generous supplies of Treburon 
and Paritol, respectively. A sample of International Standard heparin was supplied by the 
Department of National Health and Welfare, Ottawa. 
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SUBJECTIVE BRIGHTNESS AND SIZE OF FIELD 
IN THE CENTRAL FOVEA 


By E. N. WILLMER 
From the Physiological Laboratory, University of Cambridge 


(Received 4 August 1953) 


In an earlier paper (Willmer, 1950a) an account was given of the results of an 

investigation designed to test whether any difference could be detected in the 
- relationship between the luminance and the area of field necessary to reach 
threshold for violet and for red light when the fields were centrally fixated on 
the fovea. If the receptors primarily responsible for red and violet sensitivity 
were different, then it was considered possible that they might relay on to 
different bipolar and ganglion cells and thus have different summation areas. 
If this were so, then their distribution and behaviour might be studied along 
these lines. In the event, this idea proved to be false for within the limits of 
the experiments both red and violet showed the same relationship between the 
luminance and the size of field necessary to reach threshold. With field sizes up 
to those subtending five or six minutes at the cornea, Ricco’s law (Area x 
Luminance =constant) was found to be almost true; and then a relationship 
more akin to Piper’s law (,/(A)L=C) appeared to hold good up to field sizes 
subtending about 20’, which were the largest fields studied. The relationship 
over the whole range, however, could be equally well expressed by a smooth 
curve showing a progressive change towards Ricco’s law as the field size was 
reduced. 

It is, however, questionable whether threshold measurements should 
necessarily be expected to differentiate in this way between the types of 
receptors, for at low luminances the various receptors may all pool their 
information on to higher neurones and the relationship between luminance 
and area almost certainly relates to these neurones rather than to the receptors. 
On the other hand, we know that at higher luminances visual acuity becomes 
progressively greater, and eventually the eye can discriminate small luminance 
differences in areas which subtend angles of the order of 1’. The judgement of 
brightness thus appears to be possible with these very small fields, and the 
mechanism for it must presumably show a different areal relationship from 
that in use for the appreciation of lights of very low luminance. It is thus at 
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least possible that the judgement of brightness may depend on other properties 
of the receptors and their pathways than those which determine threshold 
stimulation. 

Thus, although it is not yet known how the assessment of brightness is made, 
or upon what neural elements it depends, it is probably better to choose a 
criterion of ‘equal brightness’ in its investigation than to rely on that of 
‘seeing or not seeing’. It is certainly true that luminosity curves constructed 
by the ‘equal brightness’ method at different luminances are somewhat 
different from each other, and particularly from those constructed by the 
threshold method for the same area of the central fovea (Thomson, 1947; 
Wright, 1946). At present, the causes of these discrepancies are somewhat 
obscure but they may in part at least be dependent upon the mechanism for 
brightness judgements. Furthermore, there appears to be little information 
on the relationship between the area stimulated and its apparent brightness 
for small fields in the central fovea, and an investigation along these lines 
might well throw light on the nature of the colour receptors in the foveal 
centre, using the term to include the actual receptors and their immediate 
neural pathways. 

An investigation has therefore been made of the relationship between field 
size and luminance in making matches of brightness. Measurements have been 
made at different luminance levels and at different wave-lengths; some inci- 
dental observations have also been made on the apparent sizes of fields when 
these were of different luminances. 

Matches have been made of the apparent intrinsic brightness, as distinct 
from the total amount of light, of fields of different sizes and that of a standard 
field when both were illuminated with light of the same hue. The variable field 
was illuminated with light from Ilford spectral filters (602, 606 or 609) and the 
standard field by corresponding wave-bands (477, 577 or 680 mp) from a Hilger 
monochromator. All matches were therefore homochromatic and all measure- 
ments have been confined to the central fovea. 


In contrast to the results of the earlier measurements on threshold, the results — 


obtained by the ‘equal brightness’ method show definite differences between 
wave-lengths, and there is a progressive change from the relationship between 
area and luminance for threshold and that which holds at higher luminances. 

Some preliminary observations had shown that when two small fields of 
different sizes were illuminated by the same total quantity of light of the same 
wave-length (area x luminance=constant) and viewed from more than a 
certain distance, then they appeared to be of the same size. With either blue 
_ or violet light the fields appeared to be equal in size even when they subtended 
quite large angles at the eye, i.e. fields subtending 1 and 5’ would appear to 
be of the same size. As the wave-length was increased the viewing distance 
at which these fields appeared to be of the same size had to be progressively 
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increased and with red light the larger of the two fields had to subtend less 
than 1-8’ before the size difference disappeared. These experiments were done 
binocularly without any precautions to preserve fixation and no correcting 
lenses were used, so that chromatic aberration might have entered into the 
results obtained at the spectral extremes. Nevertheless, they showed that 
lights of all wave-lengths do not behave identically in this respect and this 
finding has been borne out by the experiments to be described, as also have 
the results of another preliminary series of observations in which it was found 
that the longer the wave-length the smaller the angles subtended by each of 
the two fields of different sizes had to become before the apparent intrinsic 
brightness of the fields was affected by the area of the fields. That is to say, 
when two fields were compared, the one 25 times the area of the other but 
illuminated by a light of J, the energy, then they appeared to be of the same 
brightness if they were illuminated by blue light and were viewed at any 
distance greater than about 3 m, at which the larger field subtended an angle 
of about 6’. With red light they did not appear to be equally bright till seen 
from a distance of some 10 m. In both these series of observations it was found 
that there was a more or less progressive change with wave-length from blue 
to red, except that, in judgements of size, red and orange behaved in much the 
same way. 
METHOD 

Apart from the preliminary observations just mentioned, all the observations were made with the 
apparatus which has been described by Brindley (1953), and the same calibrations of filters and 
wedges have been used. 

The sizes of the comparison and test fields were determined by metal stops which could be 
fitted at will, 58 om from the eye, either in the beam from the monochromator or in that provided 
by the Ilford filter. The diameters of these stops were determined under the microscope and varied 
between 0-114 and 2-3 mm. The size of the stop in the monochromator path remained constant 
at 0-59 mm; that in the filter path was varied. This procedure was dictated merely by the con- 
venience of the observer being himself able to modify the luminance of the filter path by means of 


pulleys and a wedge, whereas the monochromator path was more conveniently set at a standard 
luminance. 

The observer used an artificial pupil and bit on the usual dental impression to aid centration. 
All the measurements here recorded were made with a 2 mm pupil, but others were also made with 
a 3mm pupil without any very obvious difference in the character of the results. Correcting 
spectacle lenses were used to insure that the small fields were always sharply focussed. Central 
foveal fixation was used throughout and the centree of the fields were separated by about 2-5 mm, 
though this actually varied a little owing to the exact placing of the hole in the stop and of the 
stop in the holder. Both fields always fell well within the limits of the so-called rod-free area. 

All the observations here recorded are for the author's right eye, but confirmatory observations 
have been made on several other subjects also. 


RESULTS 
After a period of 15 min for dark adaptation of the foveal elements and with 
a fixation field (in the monochromator path) of 3-5’ diameter and of the same 
colour as the test spot, the amount of light required to reach central foveal 
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threshold was determined when the angle subtended by the test spot varied 
from 0-7 to 13-7’ at the cornea. On different occasions these observations were 
made with light of wave-lengths 477, 578 and 680 my (Ilford filters 602, 606 
and 609). The fixation light was about three times as bright as that required 
to reach threshold. For yellow light, six different field sizes were examined, and 


log.tuminance (arbitrary units) 
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Fig. 1. Diagram showing the relationship between the luminance of the light (A=577 my), 
required to match the brightness of a standard field, and the area of the test field. The lowest 
curve represents the luminances required to reach threshold and the other curves relate to 
three different luminances of the standard field. Ordinates: log. luminance of light, the 
luminance for threshold at field size 3-5’ (0-59 mm) being taken as unity. Abscissae: log r*, 
where r=radius of field in mm, The approximate angle in minutes subtended by the fields 
at the cornea is also shown. The arrow marks the results obtained when the two fields were 
equal in size. The relative sizes of the largest and smallest fields are shown at the top of the 


- diagram. The vertical bars represent 2 x /——“__, » always being 10 or more. The numbers 


between the curves represent the differences in luminance indicated by the curves, the numbers 
in brackets giving the actual change of luminance in the test field. 


for red and blue light the three most critical sizes were used, since these two 
wave-lengths had been previously studied in detail. Except perhaps for some 
slight divergence of the data for red light when the size of field was maximal, 
the results were practically independent of wave-length and confirmed the 
previous findings. Fig. 1 shows that Ricco’s law holds fairly closely for fields 
up to at least 4’ in diameter and then the curve swings away and indicates that 
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the size of the field becomes of less importance in determining visibility. It is 
clear from these results (see Fig. 2) and from those made previously that if the 
threshold relationship is dependent on the summation areas of different 
receptors or their neural pathways, then there is no difference between these 
summation areas for the receptors responsible for the various wave-lengths. 
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Fig. 2. Diagram showing the relationship between log. luminance and log r* (as in Fig. 1) to reach 
threshold (lowest curve) and to match a 3-5’ field in brightness (upper curves), when the latter 
field was approximately 1-5 log. units above threshold luminance. +—-—- +, 680 mu 
on both fields; @———@, 577 mz on both fields; O---- O, 477 my on both fields. The esti- 
mated numbers of cones affected by the fields of different diameters are shown, and so also 
are the approximate dimensions of the dendritic trees of two main types of bipolar cells in 
the foveal centre. (Cone units as estimated by Hartridge, 1947; bipolar cell dimensions from 
Polyak, 1941.) 


It remained therefore to investigate whether the same relationship would 
hold good fur estimates not of threshold but of equality of brightness. This 
was done as follows. When the threshold luminance for the 3-5’ test field had 
been determined, the energy of this field was increased by approximately 
0-5 log. unit by the removal of a neutral filter, and then the monochromator 
field, which was now to become the standard comparison field and which also 
subtended 3-5’ was matched in brightness with it. These matches were there- 
fore homochromatic, made with fields of the same size and at a luminance level 
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some 0-5 log. unit above threshold. The other field stops were then employed 
in the filter path and estimates made of the luminances used in this path for 
the fields to appear to be of the same intrinsic brightness as the standard 3-5’ 
monochromator field. During the making of these matches it was noticed that 
the size differences between the fields were less obvious when wave-length 
477 mu was used than with 577 or 680 my; the two smallest fields appeared 
almost identical with blue light but with red or yellow light it was always 
possible to tell which stop was being used. In all cases only homochromatic 
matches were being made and foveal fixation was strictly maintained in 
making the final assessment of a match. 

When the results obtained in this manner with red, yellow and blue light 
were compared, there was asuggestion that those for blue light were somewhat 
different from those for yellow and red. Moreover, for all colours the results 
were definitely different from those obtained at threshold level. The departure 
from Ricco’s law developed more sharply and at a somewhat smaller field size. 
Moreover, the intrinsic brightness or luminance became more or less inde- 
pendent of area for field sizes above about 3-5’ (Fig. 1). 

On further raising the luminance of the comparison (monochromator) field 
by a factor of ten, the difference between the ‘equal brightness’ data and the 
threshold data became even more noticeable, and the divergence between 
those for blue light and those for red and yellow became quite definite (Fig. 2). 
With blue light, brightness became independent of area at a field size of 
approximately 3-5’, while with red and yellow this happened at about 1-4’ and 


indeed the luminance of the large fields necessary to match the standard field 


when red or yellow light was used was actually found to be somewhat greater 
than might have been expected, so that the curve, instead of remaining parallel 
to the abscissa and indicating independence of area, actually rises slightly. 
The cause of this phenomenon has not been identified; it might be some effect 
of adaptation or of interaction between the neighbouring areas of retina 
(Willmer, 19505), or it may perhaps indicate some inhibition of the centre of 
a stimulated area by the more outlying elements as has recently been found 
to occur in the receptive fields of nerve fibres in the frog’s retina (Barlow, 1953) 
and also in the cat’s retina (Kuffler, 1953). | 

Some further measurements were also attempted at higher luminance levels, 
but the errors in making the matches and the difficulty of obtaining sharp 
images of the smaller fields under these conditions reduced their reliability. 
So far as could be judged, however, the data obtained did not differ in any 
significant way from those for a luminance level 1-5 log. units above threshold. 
From the size of the standard deviations on Fig. 1, it would appear that the 
most accurately repeatable results were, rather surprisingly, those obtained 
when the luminance level was only 0-5 log. unit above threshold. Subjectively 
these observations were also the easiest to make, though with practice the 
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accuracy increased and the results at all the luminance levels mainly studied 
became closely repeatable. All the points on the curves are based on at least 
ten separate observations made on at least three separate occasions. 


DISCUSSION 
If these observations can be considered as valid, and not to depend in some 
way on the nature of the images cast on the retina by such small fields of 
different wave-lengths, they are of interest in several ways. 

First, they demonstrate that with these small foveal fields the manner in 
which the brightness of a field is determined differs from the manner in which 
judgements of threshold amounts of light are determined and this is pre- 
sumably one factor in explaining why the central foveal luminosity curves 
change in form at different luminance levels. From the point of view of an 
investigation of the normal receptive fields of the colour receptor units in the 
retina, the ‘equal brightness’ method is probably preferable, since ‘threshold’ 
will clearly be reached if any light is seen anywhere in the field, i.e. a whole 
field need not be seen, and the larger the field the more chance there is of some 
light stimulating something somewhere, particularly if the receptor paths do 
not all have the same thresholds. Moreover, if there are any nerve cells which 
summate from several receptors, the chances of these being stimulated by low 
intensities will be much greater than that of nerve fibres connected to single 
receptors, so that any polysynaptic path is almost bound to be the only one 
found by threshold methods. The fact that all wave-lengths behave in the 
same way at threshold probably indicates that all receptors contribute to these 
polysynaptic paths, but the threshold method gives no information as to how 
the receptors relay their information at higher luminances when other, perhaps 
monosynaptic, paths may become available. 

One probably makes a judgement of equal brightness between two fields 
when the highest frequency of impulses coming along the nerve fibres from 
one stimulated area is essentially the same as that from the other stimulated 
area, In a uniformly illuminated area the nerve fibres stimulated by the 
different receptor groups will presumably all convey impulses with frequencies 
determined by the spectral distribution of the light, the sensitivities of the 
receptors, and the manner in which the receptors are linked to the nerve fibres. 
If it is thus supposed that the brightness judgements are based on the highest 
impulse frequencies in the nerve fibres from the stimulated area, then these 
highest frequencies may arise in different types of fibres according to the wave- 
length of the light and, if the receptors for different wave-lengths are grouped 
differently, then the areas occupied by the groups may well be indicated by 
the field sizes at which Ricco’s law ceases to hold. On these lines, the present 
results indicate the probability of a somewhat smaller area of summation for 
‘red’ receptors (the D receptors, i.e. those found alone in the foveal centres of 
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certain deuteranopes) than for those responsible for the perception of the blue 
stimuli (these are the P receptors, i.e. those which are found isolated in the 
foveal centres of protanopes; the main ‘blue’ receptor is not involved in these 
measurements on the central fovea (see Willmer, 1949)). 

Secondly, the results demonstrate that very considerable inaccuracies can 
occur in the assessment of luminance with very small fields unless the areas of 
the fields are exactly equal, and the extent of these inaccuracies varies with 
the wave-length. In making the measurements here described, the subject has 
to distinguish clearly between the intrinsic brightness of a field and the total 
quantity of light emanating from that field and this is not always easy to do 
particularly when the fields become smaller and smaller. Below a certain field 
size it becomes impossible. 

Thirdly, the receptors or pathways for red and blue behave differently, in 
that large (12’ or so) red fields require more luminance in order to appear to be 
of the same brightness as a smaller standard field of the same hue, while 
similar blue fields do not. Above a certain size the luminance of blue fields 
becomes almost independent of area, while that of red fields suffers an apparent 
decrease. 3 

Fourthly, as luminance increases above threshold levels the summation 
areas decrease, indicating that polysynaptic bipolar and nerve cells probably 
become less important; this may be one of the factors in increasing visual 
acuity with higher luminances on the one hand and in increasing sensitivity 
(dark adaptation) at low luminances on the other. These effects are more 
evident with red and yellow light than they are with blue light. 


SUMMARY 


1, The relationship between the size (i.e. area) of the central foveal field 
stimulated and the luminance of the field is not the same for measurements of 
threshold as it is for the assessment of brightness by comparison with another 
field of constant size and luminance. 

2. While measurements of the relationship between area and luminance in 
the determination of the threshold of visibility in the foveal centre are 
essentially independent of wave-length on changing the size of the stimulated 
field, this is not true when measurements of brightness are made against a 
standard field in this region of the retina, for blue fields are found to behave 
differently from red or yellow fields. 


The author is indebted to the Government Grants Committee of the Royal Society for the 
apparatus used in this investigation. 
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CONDUCTION ALONG THE DORSAL TRACTS OF THE 
SPINAL CORD 


By B. HOLMGREN* 
From the Physiological Laboratory, University of Cambridge 
(Recewed 7 August 1953) 


Gasser & Graham (1933) described an abrupt fall in velocity of conduction of 
the afferent spikes conveyed by the sensory fibres of the sciatic nerve of the 
cat on ascending a few centimetres in the dorsal tracts. They considered that 
this was probably due to the reduction in diameter of the fibres that ascend 
in the fasciculus gracilis resulting from the division of the incoming dorsal 
root fibres into ascending and descending branches at their entrance into the 
dorsal columns of the spinal cord and the large number of collaterals given off 
at this level. 

Studying the articular sensory pathways by stimulating the afferent fibres 
from the knee joint, Gardner, Latimer & Stilwell (1949) were unable to observe 


distinct spike potentials for more than a short distance along the dorsal column, — 


when trying to follow these potentials with surface recording electrodes. 
Therefore they resorted to stimulation of the dorsal funiculi and to recording 
the antidromic impulses in the peripheral nerves. By this method they could 
trace some articular fibres up to the medulla. In these fibres the rate of 
conduction dropped from 90-100 m/sec in the peripheral portion to 40-60 m/sec 
at the thoracic region and to only 20-30 m/sec at the level of the first cervical 
segment. | 

Similar studies by Lloyd & McIntyre (1950) on muscle and cutaneous 
afferent nerve fibres from the hind limb confirmed the above-mentioned 
observations of a considerable decrease in amplitude and velocity of con- 
duction of afferent potentials when the recording electrode progressed in the 
cephalic direction along the dorsal tracts. While cutaneous and group II and 
group III muscle afferent nerve fibres could be shown to ascend by the dorsal 
funiculi as far as the medulla, group I muscle afferents could not be followed 
further than L, or T, segments, even when using the antidromig stimulation 
technique. These fast-conducting proprioceptive fibres were traced to Clarke's 
column in the spinal cord, where the impulses they carry are acne, bon to the 
neurones of origin of the dorsal spino-cerebellar tracts. 

* Guillermo Puelma Foundation Research Fellow, Institute of Physiology, Santiago, Chile. 
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Rexed & Strém (1952), working on the afferent pathways from the forelimb, 
demonstrated the same decrease in conduction rate as the impulses reach the 
dorsal tracts and proceed towards the medulla. Although muscle nerve 
afferent volleys are recorded with difficulty by superficial electrodes at the 
level of the nucleus cuneatus, these volleys could be localized in the lateral 
parts of the nucleus with deep electrodes. 

Recently, the existence of routes other than the dorsal funiculi for the 
proprioceptive impulses to reach the cerebral cortex has been confirmed 
(Gardner & Noer, 1952; Gardner & Haddad, 1953), and it has been stressed 
that very few, if any, afferent fibres from the triceps surae ascend by the 
dorsal tracts to the dorsal column nuclei at the medulla. 

All the work quoted above was done on the cat. In the frog, Tasaki (1952), 
recording with microelectrodes pushed into single fibres of the dorsal tracts, 
and stimulating the sciatic nerve, showed that the conduction rate in the 
lower part of the dorsal tracts is less than 10 m/sec, while it is of the order of 
25 m/sec in the peripheral portion of the same fibres. Dun (1941), also working 
on the frog, gives evidence that it is the sensory impulses propagated in the 
dorsal column which give rise to the slow potentials recorded in distant dorsal 
roots. As the rate of conduction of these potentials is of the order of 1-2 m/sec, 
he suggests that the responsible impulses travel in the fine fibres of the dorsal 
tracts, because the fibres of greater diameter conduct at 18-25 m/sec. 

Another special feature of nervous conduction along the dorsal tracts is the 
peculiar phenomenon of intermittent blockage, described by Barron & Matthews 
(1935). This consists in periodical interruptions of a continuous discharge of 
ortho- or antidromic impulses, when conducted along dorsal column fibres. 
Only isolated references have appeared in later literature (Erlanger & Blair, 
1936; Bernhard & Granit, 1942; Fuortes, 1951) dealing with this or similar 
phenomena, and it has still only had a tentative explanation. 

The experiments to be reported here were initially conceived to analyse — 
this last. problem, viz. intermittent conduction along the dorsal tracts, but 
were afterwards extended to investigate whether conduction along the dorsal 
funiculi in the frog’s spinal cord suffers the same changes in velocity as in the 
cat. It was of interest to use the antidromic technique in tracing the afferent 
fibres from the hind limb of the frog, because, although Sandmeyer (1892), 
observed degenerate fibres near the dorsal midline, extending after section of 
the spinal cord, up to the lower end of the medulla, Kappers, Huber & Crosby 
(1936) doubt if the dorsal tracts constitute a definite sensory pathway for 


tactile and proprioceptive impulses in the frog. 


METHODS 
The experiments were performed on Rana esculenta. The frogs were decerebrated under ether 
anaesthesia, The entire spinal cord was exposed by removal of the vertebral laminae and the 
dura mater, and was irrigated with oxygenated Ringer solution, at room temperature, throughout 
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the experiment. Reflex excitability was continuously tested, and it persisted to the end of each 
experiment 


The VII-X ventral roots were cut on both sides, and in some cases the III ventral roots also. 
The dorsal tracts were stimulated electrically with thyratron controlled condenser discharges, or 
rectangular wave pulses of 0-06 msec duration, obtained from a Fleming stimulator type IX 1, 
and delivered through an isolating transformer. The stimulating electrode was a concentric one, 
made of a hypodermic steel needle 1 mm in diameter, containing a 0-05 mm insulated copper wire, 
and with its tip ground smooth so as not to damage the spinal cord. The cord was systematically 
stimulated at low frequency (1 c/s), at 1 mm intervals, from the medulla to the IX or X roots, 
along the surface of the dorsal column. The dorsal tracts were also stimulated with higher fre- 
quencies, ranging from 9 to 72 o/s, or with two pulses separated by a variable interval. 

Antidromic impulses were principally recorded from the nerve twig to the extensor brevis 
profundus digiti IV, also from the interstitialis dorsalis ITI and from the trunk of the sciatic 
nerve, Some records were obtained from the nerve to the flexor carpi radialis, or from the 
cutaneous antibrachii lateralis nerve of the forelimb, and in one case from one of the most caudal 
dorsal skin nerves (rami cutanei dorsi lateralis). The nerves, placed on silver electrodes, were 
covered with mineral oil to prevent drying. 

Condenser-coupled amplifiers and a Cossor cathode-ray oscillograph were used for the recording 
of the potentials. 

On photographs obtained in the conventional way, the latencies of the action potentials were 
measured and then plotted against the distance between the cal iptorius and the stimulating 
electrode position. In this way, graphs of the type shown in Figs. 2 and 4 were obtained. The 
slope of the line joining the latency values represents the velocity of conduction along the dorsal 
tracts. The conduction rate of the fibres in the dorsal roote and peripheral nerve was sometimes 
calculated from the difference in latency obtained by stimulating them at two or more different 
positions; but as the short length of dorsal roots available, and the higher speed of conduction at 
this level, made these measurements lack precision, it was generally calculated from the latency 
obtained when stimulating at the entrance of the [X root into the cord, assuming a constant value 
of 0-5 msec for the stimulus-response interval at the point stimulated. 


RESULTS 
Velocity of conduction 

The majority of the experiments, as stated previously, were performed on the 
afferent nerve fibres from a small toe muscle of the hind limb. These fibres 
generally enter the spinal cord in the [X dorsal root, but sometimes also by 
the X root. The number of active fibres varied from one to four in the different 
experiments, and, although in some cases not all of them could be traced up to 
the medulla, in others all the responding fibres could easily be stimulated as 
far as the calamus scriptorius, and occasionally a couple of millimetres farther 
cephalad. 

Figs. 1 and 2 illustrate a typical experiment in which all the afferent fibres 
that responded to stimulation at the IX dorsal root could be followed up to 
the medulla oblongata. The velocity of conduction of these fibres shows 4 
considerable drop, from 18 to about 4-4 m/sec, immediately after their entrance 
into the dorsal tracts. A further slowing of conduction can be noticed just 
before they end at the medulla. 

The average of the results in thirteen experiments is presented in Table |. 

As the quantitative changes in velocity are so evident from the values in 
Table 1, it is unnecessary to make a detailed statistical analysis of the values. 
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Fig. 1. Antidromic action potentials recorded from nerve to extensor brevis profundus digiti IV 
on stimulation of the dorsal column and the LX dorsal root. The numbers on each photograph 
indicate distance in mm from medulla oblongata to stimulating electrode. The photograph 
at the lower right-hand corner corresponds to the record above it, but with a slower sweep 
velocity. Time: 250 o/s. 


ir 


10 


: Med. 10 20 mm 
Fig. 2. Same experiment as in Fig. 1. Latency (msec) plotted against distance from medulla (mm). 
Slope of curve represents velocity of conduction along the dorsal tracts and IX dorsal root. 
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It must be stressed that the changes in velocity at the upper level are not 
always so abrupt or so neatly defined as at the entrance level; but it is quite 
clear that a further reduction in conduction rate takes place some millimetres 
before the fibres end at the medulla oblongata. 

When recorded from the sciatic nerve, the potential results from the con- 
tribution of many active sensory fibres of different peripheral, and possibly 
central, conduction velocity, and a great number of them do not ascend as 
high as the medulla. Because of this, the records obtained are not as reliable 
as those obtained from few or single active fibres. Nevertheless, the general 
tendency towards a marked decrease of velocity after the afferent fibres enter 
the dorsal column is always observed, together with a gradual reduction in 
the amplitude of the potential as the stimulating electrode is displaced forwards 
along the dorsal tracts. Quite a large number of fibres are still responding when 
the stimulus is at the medulla. 


Tasxz 1. Velocity of conduction along the afferent nerve fibres from the extensor 


brevis profundus digiti IV 
Average Extreme 
veloci values 
Region (msec (m/sec) 
Ix 20 16-25 
IX root—III root 4:5 3-2-6-7 
III root—medulla 2-2 0-8-3-6 


In one experiment performed on a dorsal cutaneous nerve, in which the 
peripheral portion of the responding sensory fibre had a conduction velocity 
of 6-7-5 m/sec, the conduction rate dropped to 2-0 m/sec after entering the 
dorsal column, and to only 1-5 m/sec from the III root to the medulla. 

In three experiments the antidromic impulses in forelimb nerves were 
recorded. Figs. 3 and 4 are from one of those experiments. The sensory fibres 
investigated could be stimulated both from the ascending and the descending 
branches into which they divided on entering the dorsal tracts. In either 
direction there is a marked decrease in rate of propagation. Some of the 
descending fibres can be traced as far down as the VI dorsal root level, being 
very slowly conducting at their lowermost portion. 


Intermittent conduction 


A tendency to intermittent conduction of the antidromic impulses recorded 
from sensory nerve fibres, during stimulation of the dorsal tracts, was observed 
in fifteen out of twenty experiments in which it was investigated. But it was 
a phenomenon of too irregular appearance and diverse characteristics in 
different experiments to permit a common description. 

Most often it was observed during stimulation high in the dorsal tracts with 
frequencies over 24 c/s; its onset was variable. Fig. 5 shows an example of this 
type of observation. On stimulation at 45 c/s at the level of the III dorsal 
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roots (a-b) conduction was unimpaired for more than 30 sec, but an increase 
in latency from 13-3 msec at the beginning of stimulation to 15-9 msec after 


Fig. 3. Record from nerve to flexor carpi radialis. Stimulation along the ascending and descending 
branches of the corresponding dorsal column fibres. Distance of stimulating electrode from 
| medulla oblongata indicated in mm on each record. Time: 250 o/s. 


25 m/sec 
Fig. 4, Same experiment as in Fig. 3. Latency (msec) plotted against distance from medulls (mm). 
Interrupted line represents velocity of conduction in peripheral portion of the fibres, calcu- 
lated from latency on stimulation at the IIT root level. 


30 sec could be seen. After 45 sec (c), a ‘dropping out’ of one impulse, now 
and then, was observed. The interruptions in the regular sequence of impulses 
became gradually more frequent and longer, and finally only occasional 
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impulses were recorded (d), showing long latencies of 17—17-2 msec. On stimu- 
lation at the V root level ( f-h), conduction began to fail after only 12 sec and 
was very irregular after stimulation for 25 sec. Control stimulation of the 
IX dorsal root in this same experiment showed that conduction was regular 
after 2 min of stimulation with 72 c/s. Only a slight increase in latency, from 
8:9 to 9-7 msec, could be measured. 


Fig 5. Record from nerve to extensor brevis profundus digiti IV. Photographic paper running 
continuously. Subsequent sweeps from below upwards. Time: 50 c/s. (a—e) stimulation of 
dorsal tracts with 45 c/s, at 2-5 mm from medulla. (a) beginning of stimulation; (b) 30 sec 
later; (c) 45 sec, first failure of conduction; (d) 90 sec of stimulation; (e) regularization. of 
conduction after interrupting stimulation for 5 seo. (f-i) 45 o/s, stimulation at 6 mm from 
medulla, (f) beginning of stimulation; (g) 12 sec; (A) 15 sec; (i) 25 sec. 


It is interesting to note that in some experiments, after the impulses had 
begun to appear intermittently, an increase in the intensity of stimulation or 
a brief interruption and resumption of stimulation (Fig. 5 d-e) could restore 
regular conduction (or initiation) of impulses for a certain time. 

Fig. 6 illustrates one of the few experiments in which conduction was very 
stable even at high frequencies. In this case an absolutely regular stream of 
impulses was obtained during stimulation of the dorsal tracts at the level of 
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the calamus scriptorius with 24, 45 or 72 c/s for more than 1 min. Neverthe- 
less, at the higher frequencies a very considerable lengthening of latency from 
12-5 up to 14-1 msec after 1 min stimulation at 45 c/s, and up to 19-2 msec 
after the same period of stimulation with 72 c/s was obtained. The latency of 
the first impulse in these last two series of stimulations could not be measured 
because it fell on two different sweeps of the oscillograph. 


Fig. 6. Record from same nerve as in Fig. 5. Stimulation of dorsal tracts at the medulla. (a) 24 o/s, 
(a’) after 1 min. (6) 45 o/s, (b’) after 1 min. (c) 72 o/s, (c’) after 1 min, Time: 50 and 500 c/s. 


In order to control how much of the increase of latency at high frequencies _ 
could be ascribed to the impulses travelling in the relative refractory periods 
left by previous ones, the dorsal column was stimulated at different levels 
with two stimuli separated by a variable interval. The latency of both impulses 
was measured. The results obtained in one of these experiments appear in 
Table 2. 

Although the results obtained in the other experiment of this type were 
similar, it would be rash to extract definite conclusions from only two experi- 
ments. But it is suggestive that a lengthening of 0-5 msec in the latency of the 
second of a pair of impulses only appears when the interval between the stimuli 
is 7 msec (stimulating at the medulla), and the interval must be reduced to 
3 msec for the latency to increase from 9 to 12 msec. This, if conditions were 
similar and stable during continued stimulation, would mean that a frequency 
of 143 c/s would be required for an increase in latency of 0-5 msec and of 
333 ¢/s for an increase of 3 msec. 

In two experiments intermittence appeared even at very low frequencies, 
but an increase in the stimulation rate restored 1:1 conduction. In one of 
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these experiments, after rapid ‘blocking’ by stimulation at 9 c/s, an increase 
to 13 or 19 stimuli per sec restored conduction. On reverting to the lower 
stimulation frequency, the stream of impulses was again interrupted. 


Tasie 2. Latency changes due to stimuli falling in the relative refractory period 


Latencies 
Interval — A 
between lst 2nd 
stimuli im im 
Stimulation site (msec) (msec) (msec) 
Medulla 9 
7 9 9-5 
5 9 10-5 
3 12 
6-5 mm from medulla, 12 7 7 
V-VI root level 5 7 s 
3 7 9-5 
16-5 mm from medulla, 17 5-5 5-5 
IX root 6 5-5 5-5 
2-5 55 7 
DISCUSSION 


It seems evident, from the experiments described, that in the frog some sensory 
fibres from the hind limbs do reach the medulla by the dorsal tracts. Thisis in 
agreement with the histological findings of Sandmeyer (1892) and suggests that 
there already exists in amphibians a definite sensory pathway ascending along 
_ the dorsal columns and conveying proprioceptive and cutaneous impulses up 
to the medulla. No careful quantitative study of the number of afferent 
fibres which ascend towards the medulla by the dorsal funiculi from the 
different levels of the spinal cord, as accomplished by Glees & Soler (1951) in 
the cat, has yet been done in the frog. 

Lloyd & McIntyre (1950) found in the cat that only the slowly conducting 
afferent nerve fibres from the hind-limb muscles reach the gracilis nucleus, 
while the fastest conducting ones do not. No such conclusions could be drawn 
from the present experiments. Of the afferent fibres from the small toe muscle 
which were examined, none belonged to the fastest conducting fibres described 
in the frog, and it was often possible to excite the same number of fibres at 
the medulla as at the IX dorsal root level. The peripheral conduction rate of 
these fibres, which varied between 16 and 25 m/sec, would permit them to be 
classified among the beta or gamma groups of the A myelinated fibres in the 
sciatic nerve of the frog (Erlanger & Gasser, 1937), and they could perhaps 
be the equivalent of Lloyd’s (1943) group II muscle proprioceptive fibres. 

According to Gasser & Erlanger (1927) and Hursh (1939), among others, 
there is a linear relationship between fibre diameter and velocity of conduction 
in peripheral myelinated nerve fibres. Grundfest & Campbell (1942) demon- 
strated that the same relation holds for myelinated fibres in the cat’s central 
nervous system. From the data of Gasser & Erlanger (1927), and the extreme 
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values obtained in the present experiments (Table 1), the diameter of the peri- 
pheral portion of the sensory fibres from the extensor brevis profundus would 
be between 7 and 11 y, and of the ascending branches in the dorsal tracts, im- 
mediately after their division, between 1-4 and 3. This is in accordance with 
the values of 2-34 given by Cajal (1899) for the fibres in Goll’s tract (gracilis). 

Measuring the threshold along individual fibres in the dorsal funiculi of the 
frog, Tasaki (1952) was able to show a regular spacing of low threshold points, 
separated by distances of 200-400 1; midway between these points the fibres 
were practically insensitive to stimuli of an intensity 4 times higher than the 
threshold intensity at the sensitive points, which conceivably correspond to 
nodes of Ranvier. As suggested by Zotterman (1937) and Hursh (1939) there 
seems to be a direct relation between the length of the internodal segments 
and the nerve fibre diameter, and therefore also with the velocity of conduction. 
Taking Hursh’s values as a basis, fibres of an average of 2. in diameter should 
have nodes separated by 200-300 ». This is in agreement with Tasaki’s physio- 
logical findings in the dorsal tracts and with the present values for the average 
velocity of conduction obtained at this level (Table 1). In mammals, Hess & 
Young (1949) and Bodian (1951) have obtained values comparable to those of 
Tasaki when they measured the internodal distance in central nerve fibres of 
2-34 in diameter. 

If all these relationships stand, the further decrease of conduction rate 
observed in the higher regions of the dorsal column fibres would necessarily 
imply a further reduction in diameter and in internode length. Although 
Cajal (1899) is quite definite in stating that fibres ascending in Goll’s tract 
(gracilis) do not branch, Gardner et al. (1949), from their physiological evidence, 
suggest the possibility of collaterals being given off at the cervical level, and 
contributing to a reduction in fibre diameter, and consequently of conduction 
rate at this level. The present experiments on frogs seem to come into line 
with this last suggestion. 

The tracing of descending branches from the forelimb sensory fibres, down 
to the VI root, along the dorsal column, confirms the assertion of Cajal (1899) 
that probably in the cervical region there are many long descending branches. 

The type of intermittent responses observed in the experiments in which 
the dorsal tracts were stimulated with 24-72 c/s are perhaps more comparable 
with some results reported by Bullock & Turner (1950) on fatiguing nerve 
fibres from several invertebrates than with those of Barron & Matthews (1935). 
The former workers demonstrated that the disappearance of the conducted 
spikes during fatigue is the result of a localized blocking process which may 
suppress all propagated impulses abruptly or through a stage in which they 
appear ‘every other, every third time or irreg..._ty’. This corresponds closely 
with the experiment illustrated in Fig. 5. Bullock & Turner hold that before 
complete failure of conduction, a nerve impulse in a single fibre may ‘die out 
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completely as an all-or-none propagated spike, but leave sufficient local 
response that, after significant delay and spread into adjacent, more excitable 
fibre, a new impulse may be born to grow to full size within 2 mm or so and 
propagate’. According to them a variable local delay, up to several milli- 
seconds, can be in this way introduced into the propagated nerve impulse. 
Such a local delay could perhaps explain the slowing of conduction observed 
after a stimulation period of 1 min with 24 or 45 o/s in the experiment described 
in Fig. 6, but when there is a difference of nearly 8 msec in latency between 
the first response at 24 c/s and the impulses recorded after 1 min of stimulation 
with 72 c/s, it is rather difficult to account for this on the basis of a single zone 
of partial block. It would be necessary to assume the existence of several 
localized failing regions, or a general depression of conduction, to explain such 
a great difference in latency along the same responding fibres. 

As it is generally recognized that conduction rate is lowered during the 
relative refractory period of nerve, although the nature of the mechanism 
responsible has been the subject of controversy (Gotch, 1910; Forbes, Ray & 
Griffith, 1923; Gasser & Erlanger, 1925; Graham, 1935; Rosenblueth, Alanis & 
Mandoki, 1949), it is important to discuss the possible contribution of refrac- 
toriness to the slowing in conduction observed in the present experiments. 
In Table 2 it can be seen that on stimulation of dorsal column fibres at the 
medulla with two shocks separated by 8 msec, there is no greater delay of the 
second response. As an interval of 8 msec between two stimuli is equivalent 
to a frequency of 125 c/s, stimuli at 24-72 c/s are falling well outside the 
refractory period of these fibres, when measured in the resting state. It is 
known, however, that repetitive stimulation of nerve produces a lengthening 
of the refractory period (Field & von Briicke, 1926; Forbes & Rice, 1929; 
von Briicke, Early & Forbes, 1941) and a cumulative depression of excitability, 
spike height and conduction rate, the so-called ‘subnormal period’ of Graham 
(1935) and Gasser (1935). Although Erlanger & Gasser (1937) are reluctant to 
describe this phenomenon as caused by fatigue, for von Briicke et al. (1941) 
this seems to be only a question of nomenclature. In any case, slowing of 
conduction due to refractoriness or fatigue could account for the great delay 
observed in the experiments in which high frequency stimulation was used. 

These experiments also confirm Erlanger & Gasser’s (1937) observation that 
small fibres suffer greater delays in conduction than large ones during the 
subnormal period, and Hill’s (1950) assertion that large nerve fibres are able 
to conduct at higher frequencies and are more resistant to fatigue than smaller 
ones. Causey & Schoepfle (1951) come to a similar conclusion. The experi- 
ment partly illustrated by Fig. 5 showed that when stimulating high in the 
dorsal tracts with 45 c/s, an important slowing in conduction and occasional 
block could be observed 45 sec after the onset of stimulation. On the other 
hand, stimulation of the IX dorsal root, even with 72 c/s, produced only 
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a slight increase in latency after 2 min. This means that the greatest slowing 
of conduction takes place in the fibres ascending in the dorsal tracts; these 
fibres, as has already been stated, are of much smaller diameter and lower 
conduction rate than their peripheral portions. 

In some of the experiments here reported there was clear evidence of 
‘stimulation fatigue’ (Gotch, 1910; Bullock & Turner, 1950) because an 
increase in intensity of stimulation could restore regular conduction after it 
had failed, perhaps by overcoming a local increase in threshold or by spreading 
into a more excitable zone of the nerve fibres. 

It would be of interest to investigate whether the zones of collateral 
branching, and principal dichotomy of the incoming dorsal root fibres, could 
constitute loci more susceptible to fatigue and failure of conduction, especially 
for antidromic impulses. The latter, it may be assumed, are transmitted with 
a lower safety margin than orthodromic impulses across a region in which an 
important reduction in diameter takes place. Similar considerations were 
suggested by Katz (1950) for sensory spikes, generated in fine terminal 
branches, being unable to propagate into the main axis cylinder. 

This attempt to explain the type of intermittence most frequently observed 
in the experiments under discussion, as being due to fatigue, apparently cannot 
be applied to most of Barron & Matthews (1935) experiments, and therefore 
does not rule out the hypothesis advanced by these authors, that fluctuating 
potential gradients in the grey matter could affect conduction along the dorsal 
column fibres by electrotonic spread through their collaterals; Fuortes’s (1951) 
experiments give strong support to this possibility. In some of their experi- 
ments, however, a fatigue component may be playing some role as they state 
that ‘the start of a discharge often comes through and the latter part of it may 
be partly or wholly blocked’. 

Blocking of impulses at stimulation frequencies as low as 9 c/s, as observed 
in two of the present experiments, does point to some other explanation than 
fatigue to account for the intermittence observed in these cases. 


SUMMARY 

1. The afferent fibres that ascend in the dorsal tracts have been studied by 
antidromic stimulation in decerebrate frogs. 

2. A considerable number of cutaneous and muscular sensory nerve fibres 
from the forelimbs and hind limbs of the frog reach the medulla along the 
dorsal funiculi. 

3. There is a marked decrease in the velocity of conduction along these 
fibres on their entry into the dorsal column; at higher levels in the spinal 
cord, a further reduction in conduction rate is observed. Similar changes 
are observed along the descending branches of the forelimb afferent nerve 
fibres. | 
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4. Prolonged stimulation of the dorsal tracts with 24-72 c/s produces a 
slowing of conduction and irregular failure of responses in the afferent pathway 
after a variable time. 

5. The possibility that this intermittence is due to fatigue either at the site 
of stimulation or elsewhere along the responding fibres is discussed. . 


I wish to thank Prof. Sir Bryan Matthews for his help in suggesting the problem. I am also 


grateful for his advice throughout the experimental work and the preparation of the manuscript, 
and for the facilities afforded to me in his laboratory. 
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SOME OBSERVATIONS ON PERFUSED FROG 
SCIATIC NERVES 


By K. KRNJEVIC (Beit Memorial Research Fellow) 
From the Physiology Department, Edinburgh University 
(Received 10 August 1953) 


Many generations of physiologists have believed that the connective tissue 
sheath of the peripheral nerves is a diffusion barrier and possesses a high 
electrical resistance, and that its presence significantly modifies the apparent 
properties of the nerve fibres (e.g. Bunzen, 1807; Harless, 1846; Eckard, 1851; 
Key & Retzius, 1876; Overton, 1904; Bishop, Erlanger & Gasser, 1926; Rice & 
Davis, 1928; Erlanger & Blair, 1938; Rossel, 1943). This opinion has been 
challenged repeatedly by Lorente de N6 in recent years (1947, 1950, 1952), in 
spite of powerful additional evidence (Feng & Liu, 1949; Rashbass & Rushton, 
1949; Lundberg, 1951; Crescitelli, 1951) based mainly upon experiments in 
which intact nerves were compared with nerves deprived of their sheaths by 
dissection. The validity of such experiments has been questioned by Lorente 
de N6 (1950, 1952) who claims that the presence of the sheath is of great 
importance for the normal function of the nerve fibres, and that a desheathed 
nerve is not a proper subject for the study of normal activity. He believes 
consequently that the delayed blocking action of Na-free and strong K solu- 
tions in intact frog nerves demonstrates the indirect connexion between Na 
and K and nerve conduction, and that the rapid onset of inexcitability shown 
by desheathed nerves in such solutions is a clear expression of the abnormal 
condition of the nerve fibres. 

The purpose of the present experiments was to test the action of Na-free and 
other solutions introduced into nerves by their blood vessels, thus by-passing 
the sheath. Under these conditions, there is nothing to suggest that the nerve 
fibres are in a grossly abnormal state, and a comparison of the behaviour of 
such perfused nerves with that of control nerves should establish un- 
ambiguously whether the sheath is a barrier to diffusion. 

Vascular perfusion methods have been used in frogs widely for a variety of 
purposes since the beginning of this century (Verworn, 1900) and the classical 
frog hind-limb ‘Lawen-Trendelenburg’ preparation (first described by Cushing, 
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1901) is well known. The latter has not been applied to the study of nerve 
physiology to any great extent. However, Lundberg (1951) noted the rapid 
action of strong solutions of K injected into the aorta of a frog, and Lorente de 
Né (1952) described some experiments in the course of which whole frogs were 
perfused with Na-free solutions but total nerve block did not occur with great 
rapidity. A brief account of the method and of some of the results has been 
given previously (Krnjevic, 1952). 


METHODS 


All experiments were done with the common frog (Rana temporaria) during a period which in- 
cluded the four seasons; the preparations were on the whole more satisfactory and easier to handle 
during the colder months, but resulte did not differ significantly as far as the permeability of the 
sheath was concerned throughout the year. No discrimination was made between the sexes. The 
frog’s brain and spinal cord were destroyed in every case. 

Perfusion method. The metal cannula was made from a hypodermic syringe needle: two sizes 
were used, nos. 1 and 19, the larger one (no. 19) only occasionally when an exceptionally big 
specimen was available. The cannula was usually inserted into the descending aorta (in a few cases 
it was possible to use the common iliac artery) with the help of magnifying glasses ( x 2). The dis- 
section can be performed either from behind or from the front. The former is simpler, but the 
latter is safer when dealing with a small frog, in which the vessels are slender and the bifurcation 
of the descending aorta may be rather high. 

Was lighted; isd the nerve end ite peroneal branch 
were removed to be used as a control. The opposite hind-limb and the pelvis, with the attached 
cannula, were severed from the trunk. The peroneal nerve was exposed and the gastrocnemius, 
peroneus and tibialis anterior muscles were ligated and resected to avoid interference by muscle 
potentials. After weighing, the part was mounted in a moist chamber with silver electrodes 
arranged so as to stimulate the cords of the lumbar plexus and record the action potential from 
the peroneal nerve, which was crushed between the recording electrodes. 

The cannula (1-5 cm long) was directly connected to a 3-way tap controlling the choice of 
perfusate. The solutions were allowed to run into the hind-limb from bottles suspended at a height 
that varied between 30 and 50 om above the chamber, according to the rate of flow, to keep the 
pressure within the aorta between 20 and 30 cm H,O. Figures for the frog’s arterial blood pressure 
in the literature are in the range 10-40 mm Hg (Burton-Opitz, 1902; Prosser, Bishop, Brown, 
Jahn & Wulff, 1950), The pressure in the aorta could be found from experimentally deduced curves 
relating flow rate to pressure drop for different viscosities. A continuous record of the perfusion 
flow was made by a conventional drop recorder situated under a hole in the floor of the chamber. 

The preparations functioned well for many hours, but after some 6 hr the perfusion flow 
diminished appreciably, and this was associated with substantial oedema of the tissues and an 
increase in weight of the order of 30-60%. It is significant that the perfused nerve did not show 
& corresponding increase in weight when compared with the control nerve. 

Control nerve. The nerve was mounted in a nerve bath containing two sets of silver electrodes by 
means of which the nerve was stimulated proximally, and the action potential recorded distally 
from the peroneal branch. The bath had a central compartment of a capacity of about 7 ml. in 
which the middle 3 om of the nerve lay. This stretch of nerve included the distal portion of the 
sciatic trunk and the proximal part of the peroneal nerve. The central compartment was connected 
with the perfusion system from which it could be rapidly filled with the appropriate solution. The 


solutions were changed frequently to ensure good mixing 

allowed to vary with room temperature, within a range of 18-23° C. 
Solutions, The perfusates were mostly made up with Dextran, and on a few occasions with 
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gelatin; and in a further number of experiments, no colloid of any kind was used. The colloid 
solutions were employed to reproduce normal osmotic conditions as nearly as possible; this was 
especially important with Na-free and strong K solutions to prevent filtration of fluid from playing 
an important part in the exchanges between the capillaries and the tissues, and thus making an 
analysis of the rate of diffusion impossible. 

The ‘standard’ solution contained the usual amounts of electrolyte, as follows: 

Nat, 110-0 mm; K*2-65 mm; Ca**, 1-1 mm; 112-2 mm; HCO,-, 25mm; H,PO,, 0:15 mm. 

The buffers were salts of K; they gave a pH of 7-6-7-7. In all experiments, the acidity was 
controlled with B.D.H. indicators. 

The Na-free solutions retained all the other standard components, with the addition of sucrose, 
glucose or choline chloride as Na substitutes, in isotonic concentrations. 

Other test solutions were prepared by displacing equivalent amounts of Na, but the concentra- 
tion of the latter was usually not allowed to fall below 10%, of the normal, to avoid interference 
by the effects of Na lack. Ordinary commercial Dextran contains 0-9% NaCl. The Dextran 
employed was a deionized 6% solution made available by Dextran Ltd. The Na content of the 
deionized Dextran, estimated by the uranyl zinc acetate photometric method after ashing, was 
negligible (less than 0-01 mm). 

The Dextran solution was diluted with half its own volume of water so as to approximate 
the viscosity (estimated to be 4-5 with an Ostwald viscometer) to that of frog blood (2-4 ac- 
cording to Burton-Opitz, 1902). The colloid osmotic pressure of the diluted Dextran was calculated 
(from its molecular weight) to be about 10 cm H,O. This can be compared with the following 
measurements of the frog plasma colloid pressure: 5-5-6-0 em H,O (Krogh, 1922); 9-6-11-5 cm 
plasma (White, 1924); 7-1 com H,O (Churchill, Nakazawa & Drinker, 1927); 11-5 em H,O (Landis, 
1927). Gelatin perfusates were used at the suggestion of Lorente de Né (personal communication), 
but they were found less satisfactory than Dextran solutions because the viscosity increased 
rapidly at room temperature and the pH was more difficult to control over long periods. The 
concentrations of gelatin were 0-5% (Chambers & Zweifach, 1940) and 1-0% (Chambers & 
Zweifach, 1944), The commercial gelatin powder contained Na equivalent to 0-70 mm in the 1-0 %, 
solution. This can be ignored as it should not affect the results by more than 4%. 

Recording and stimulating apparatus. This consisted of a conventional biological amplifier and 
display unit, and a stimulator triggered by the time base. Stimulation was always maximal, 
and at a rate of 1-5/sec. The A group of fibres was the only component of the compound action 
potential studied. 

Desheathed nerves. The operation of desheathing was performed with the help of a binocular 
microscope, with fine watchmaker’s forceps, and sharp needles. The sheath was freed at the main 
sciatic bifurcation and then rolled up or down the nerve as desired. 


RESULTS 


The results are based upon data obtained in sixty-eight perfusion experiments, 
forty-seven of which were successful. Failures were associated either with very 


low rates of inflow or with inadequate perfusion of the vessels of the sciatic — 


nerve (confirmed subsequently by injecting the vascular system with a dye or 
with indian ink). 

The contrast in the rates of onset of conduction block in perfused and non- 
perfused control nerves is seen most clearly in the accompanying figures. 


The effect of Na-free solutions (Fig. 1) 
Twenty-seven perfusions were done, with eleven failures. 


Control nerve. The blocking times in Na-free solutions agreed with similar 


data in the literature. Thé range was between 3 and 8 hr, with a mean of 
5} hr (8.8. + 9). 
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The rate of recovery in a solution containing Na depended upon the time 
during which the nerve had been left in the Na-free solution. If the solution 
was changed as soon as conduction ceased, recovery began within 1 min. 
Perfused nerve. It was always found that the muscles of the limb ceased to 
contract at least 2-3 min before the nerve stopped conducting. 
The blocking time did not apparently vary with the Na substitute, but it 
was substantially and consistently longer with 1% gelatin than with 0-5°% 


Time (hr) 
Fig. 1. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with a Na-free, 
isotonic choline chloride solution, and in a control nerve placed in the same solution. O—O, 
perfused nerve; @-—®@, control nerve. 


gelatin or Dextran perfusates. Experiments with 1% gelatin were therefore 
considered as failures. The mean of sixteen values of successful perfusions was 
15-1 min (s.z.+1-5). As the efficiency of the vascular perfusion could only be 
estimated very approximately, it is probable that a somewhat inadequate 
perfusion in a number of cases caused the mean to be rather high. It should 
be noted that values of 10 min or less were seen in six experiments, and that 
blocking times of about 7 min were obtained with sucrose and choline chloride 
in Dextran perfusates, and with choline chloride in a 4% gelatin perfusate. 
The time required for the first sign of recovery when perfusing with the 
standard solution did not vary very much, although it tended to be rather long 
with 1% gelatin, as might be expected. The complete recovery time cannot be 
estimated exactly since there is no sharp change associated with full recovery. 
To show that the loss of excitability was not caused by choline chloride, a 
herve which had ceased conducting was perfused with a solution containing 
the usual amounts of choline chloride with the addition of 50 mm-NaCl. There 
Was rapid recovery of conduction, and the compound action potential regained 


its original form, in spite of the hypertonicity of the perfusate. 
If the Na-free perfusion was interrupted before, or soon after total block, 
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the action potential tended to recover spontaneously to some extent (cf. 


Lorente de Né, 1952). 


The effect of concentrated solutions of electrolytes 
120 mu-KCl (Fig. 2) 

Control nerve. The action potential began decreasing after about 8 min and 
disappeared altogether in about 25 min (mean of five cases: 22 min, s.D. + 5-5). 
Recovery in the standard solution was slow ; usually it began after some 20 min, 
but in one case the block was irreversible. 


0 5 10 15 20 25 
Time (min) 
Fig. 2. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 120 mu-KCl, 


and in a control nerve placed in the same solution. O—O, perfused nerve; @—@, control 
nerve, 


Perfused nerve. The first sign of a decrease in the action potential appeared 
within 30 sec and the block was always total within 1-1} min. Conduction 
was first seen after some 5 min of standard perfusion, and it was normal after 
some 12 min. 


60 mu-KCl 


Control nerve. Complete block occurred after 1 hr, and recovery was first 
seen after 20 min, in two cases. 

Perfused nerve. The block was complete within 14 and 4 min respectively 
and recovery began after 4—5 min. 

It was later found that the nerves of very mina autumn frogs are much 
more susceptible to the action of K. This will be described in the section dealing 
with desheathed nerves. 

The results of experiments with RbCl, acid Ringer, BaCl,, HgCl, and CuCl, 
are described adequately in Figs. 3-7. These were all single experiments, except 
in the case of BaCl, where the experiment was seedanes sen Conduction block 
was irreversible, except with RbCl and BaCl,. 
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100 mu-NH,Ci 
Control nerve. Block was seen after 50-65 min. 
Perfused nerve, Conduction did not stop until after some 40 min. 


In neither perfused nor control nerves was recovery more than very slight 
and transient. 


10 20 30 
Time (min) 
Fig. 3. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 100 mm- 
RbCl, and in a control nerve placed in the same solution. O—O, perfused nerve; @—®@, 
control nerve. 


0 40 20 30 #0 
Time (min) 
ie. 4. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with acid Ringer 
(pH 3-0), and in a control nerve placed in the same solution. ae cg age e-—e, 
control nerve. 


Relative height of maximal action potential (%) 


90 mu-CaCl, , 
About 11 mm-NaCl was added to prevent interference by Na lack. | 
Control nerve. There was a very gradual loss of excitability which became 
complete after 5-6 hr. Recovery in the standard solution was negligible. 
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Perfused nerve. The action potential on both occasions decreased in height 
after 10 min for about 5 min and then remained more or less steady for the 
next 30-40 min. Perfusion with the standard solution brought about some 
recovery, which was not complete even after another 30 min. 


8 


Relative height of maximal action potential (%) 


Fig. 5. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 100 mm- 


BaCi,, and in a control nerve placed in the same solution. O—O, perfused nerve; @—®@, 
control nerve. 


Relative height of maximal action potential (%) 


j i L 


i) 5 10 15 20 
Time (min). 
Fig. 6. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 100 m™ 


HgCl,, and in a control nerve placed in the same solution. O—O, perfused nerve; @—@ 
control nerve. 


In two other experiments the effect of 90 mm-CaCl, was studied in the 
absence of Na. 

Control nerve. The gradual change led to complete block after 7 hr. 

Perfused nerve. Conduction ceased after 9 and 3 min respectively. There was 


some recovery within 3 min of changing the wscuiasassris but there was relatively 
little further change after 6 min. 
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The effect of lipoid-soluble substances 
10% (v/v) acetone (Fig. 8) 
Control nerve. The action potential obviously decreased after 1 min, and it 
always disappeared within 1} min. Recovery only began after 40-50 min but 
was nearly full in 2 hr. 


0 i L i 
0 10 20 30 40) 50 60 70 
Time (min) 
Fig. 7. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 100 mm- 
CuCl,, and in a control nerve placed in the same solution. O—O, perfused nerve; @—®@, 
control nerve. 
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Fig. 8. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 10% (v/v) 
acetone, and in a control nerve placed in the same solution. O—O, perfused nerve; @—®, 
control nerve. 


Perfused nerve. The conduction block was complete within 14-24 min. 
Recovery, however, was very much more rapid: it began after 2 min and was 
complete within 12 min. These results are based upon four experiments. 


Relative height of maximal action potential (%) 
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10% (v/v) ethanol 

Control nerve. Inexcitability was rapid in onset; it was complete in 5 min. 
Recovery was greatly delayed and was incomplete. 

Perfused nerve. The block was complete after 8 and 2 min, but recovery was 
nearly full in 25 and 5 min eee The control —- only to the first of 
these two nerves. 


10 15 20 
Time (min) 


Fig. 9. Comparison of rate of loss of conduction in a frog sciatic nerve perfused with 1/5000 
veratrine HCl, and in a control nerve placed in the same solution. O—O, perfused nerve; 
@—@, control nerve. 


The action of 50°% ethanol was also tried in one experiment; the control 
nerve maintained conduction for 2} min, but the injected nerve stopped con- 
ducting after 1 min. 


10 mm-cocaine HCl 


Control nerve. The blocking times of six nerves varied between 3 and 11 min, 
and even symmetrical nerves showed a difference of as much as 100%; 
recovery was slow and only partial. 

Perfused nerve. The blocking times of four nerves tended to be longer than 
in the control experiments; the range covered was 12-25 min. Recovery was 
imperfect. In one experiment, the non-perfused and perfused blocking times 
were 11 and 12 min respectively. 


1/5000 veratrine HCl (Fig. 9) 

Control nerve. The action of the alkaloid was quite rapid: conduction ceased 
after 22 min. There was no recovery. 

Perfused nerve. The action potential disappeared after about 8 min. There 


was only partial recovery with the standard solution. This was a “— 
observation. 
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Desheathed nerves 


The effect of Na-free and strong KCl solutions upon several desheathed 
sciatic-peroneal nerves was studied for comparison with intact control and 
perfused nerves, The results of these experiments agreed with those of similar 
experiments described in the literature (e.g. Crescitelli, 1952). Five desheathed 
nerves placed in Na-free sucrose, or choline chloride solutions ceased con- 
ducting within 2-8 min (mean:4 min; s.D. +3). Considerably longer blocking 
times were always associated with failure to remove the perineurium, con- 
firmed by a histological examination. 

When a phalangeal preparation, with only one or two active units, was 
desheathed distally to the level of the ankle and placed in a Na-free solution, 
there was conduction block within 15-45 sec. There was always some recovery 
of conduction within 5 sec when desheathed nerves were replaced in solutions 
containing Na (110 mm). 

120 mm-KCl produced block in about 25sec, and 60 mm-KCl in about 
50-55 sec, in desheathed sciatic nerves. Recovery began within 15-50 sec in 
normal Ringer. 

It was found later that, when sciatic nerves from very emaciated autumn 
frogs were used for experiments, the blocking times obtained with 60 mm-KCl 
were considerably shorter, being about one-fifth of the values already given. 
With intact nerves, conduction ceased in 11 min (mean of five nerves; 
8.D. + 3-2) while symmetrical desheathed nerves all blocked within 10-15 sec. 
Similar reductions in blocking times of both perfused and control nerves were 
seen with 120 mm-KCl. Although the absolute values of diffusion coefficients 
calculated from data obtained with these nerves would be substantially 
different, the relative rates of diffusion in control, perfused and desheathed 
nerves remain remarkably constant. 


DISCUSSION 


The experimental results have shown clearly that many solutions which inter- 
fere with the ability of the frog sciatic nerve to conduct impulses do so much 
more rapidly when they are introduced into the vascular system of the nerve 
than when they are simply allowed to act upon the whole intact nerve, These 
are: Na-free solutions, isotonic solutions of KCl, RbCl, acid Ringer (pH3), 
BaCl,, HgCl,, and CuCl,. It is well known that experiments in which intact 
and desheathed frog nerves are compared give very similar results (Feng & 
Liu, 1949). 

A oi nerve can be considered as a system in which the sheath is by- 
passed.and therefore equivalent to a desheathed nerve. However, in one case, 
there is diffusion between the whole nerve and the surrounding fluid, whereas 
in the other case, diffusion takes place between each capillary and a small part 
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of the nerve. It is therefore unjustified to compare the results of desheathing 
and perfusion experiments directly; the only comparison which can be made 
is between the respective diffusion coefficients, calculatedifrom results obtained 
in experiments with intact, desheathed and perfused ri@rVes. 

It is reasonable to consider the whole problem as one of diffusion. Diffusion 
measurements are sometimes distorted by the movement of a solution as a 
continuous phase resulting from differences in hydrostatic and osmotic 
pressures. This can only take place through a membrane if sizable pores are 
present which allow both solvent and solute particles to pass. The ability of 
the frog perineurium to prevent the outward passage of solutions of methylene 
blue even at high pressure (Krnjevic, 1954) suggests that such pores, if at all 
present, must be rather fine. Further, the rigidity of the sheath tends to 
keep the volume of the nerve constant so that significant inward movement 
of water can only take place after desheathing (Lorente de N6, 1952). Con- 
siderable transport by filtration through the capillary pores during perfusion 
is unlikely, especially as there is no accumulation of fluid in the nerve. 
Pappenheimer, Renkin & Borrero (1951) have shown that even under condi- 
tions of excessive filtration in the perfused hind-limb of the cat, the exchange 
of NaCl by diffusion is about 260 times greater than by filtration. 

Of the various results described earlier only two groups, those dealing with 
Na-free and with KCI solutions, lend themselves to mathematical analysis. 
It is only in these two cases that there is good evidence for correlating con- 
duction block with a definite local concentration of the diffusing substances. 
An attempt at evaluating a coefficient of diffusion in the nerve will therefore 
only be made for Na and for K. 

Equations which can be used for the study of the kinetics of diffusion in 
intact and desheathed nerves were described by Hill (1928) and by Carslaw 
& Jaeger (1947). For the case of the perfused nerve, the conditions are some- 
what more complex. If, however, the nerve is considered as an aggregation of 
smaller cylinders, each having a capillary at its centre, then it is possible to 
deal with the problem by the type of equation described by Muskat (1937) and 
by Roughton (1952) for a system of two concentric cylinders. The approxima- 
tion is that made by Krogh (1922) when calculating the rate of diffusion of 
O, in muscle; with a nerve, which has a smaller concentration of capillaries, 
the approximation is, no doubt, a little less exact but the capillaries are 
sufficiently uniformly distributed to give an answer of the correct order of 
magnitude. It will be noticed that this treatment requires that no diffusion 
takes place through the outer boundary of each system of concentric cylinders. 
This can be assumed to be true at the axis of the nerve. 

Since the various fibre types are distributed evenly throughout the nerve 
trunk, it is assumed that the onset of complete inexcitability is associated with 
the attainment of threshold concentration at the axis of non-perfused nerves. 
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In the perfused nerve, the corresponding time is the attainment of threshold 
concentration at the outer boundary of each set of concentric cylinders. 


The apparent diffusion coefficients of K and Na in the frog nerve 

Intact control nerve in 120 mm-KCl and 60 mm-KCl solutions. The corre- 
sponding equation was given by Hill (1928, p. 71, no. 47). The assumption 
made here, that there is no conduction when the interstitial K concentration 
reaches the value of 20 mM, is based upon the results of experiments with 
whole nerves (Lorente de Né, 1947) and with single fibres (Huxley & Stampiii, 
1951). Taking an average value for the radius of the peroneal nerve (0-015 cm) 
and blocking times of 25 min for 120 mm-KCl, and 60 min for 60 mm-KCl, the 
respective diffusion coefficients are 10 x 10~? and 5-8 x 10-7 cm?/min. 

Intact control nerve in a Na-free solution. In this case, Na diffuses from the 
nerve into the surrounding solution, in which its concentration is maintained 
at 0. It is assumed that complete block of conduction occurs when the con- 
centration at the axis of the nerve becomes 1/10 of the original (Overton, 1902; 
Lorente de N6, 1947; Huxley & Stampfli, 1951). With a typical blocking time 
of 300 min the diffusion coefficient is 3-8 x 10-7? cm?/min. 

Desheathed nerve in 120 mm-KCl and 60 mm-KCl. Similar assumptions are 
made, and with a blocking time of 25 sec for 120 mm-KCl, and 50 sec for 
60 mm-KCl, the coefficients are 3-7 x 10-5 and 3-8 x 10-5 em?/min respectively. 

Desheathed nerve in a Na-free solution. A blocking time of 4 min gives a 
diffusion. coefficient of 2-8 x 10-* cm?/min. 

Nerve perfused with 120 mm-KCl and 60 mm-KCl solutions. Roughton’s 
equation (1952, 3.10, p. 207) was used with data obtained from a large number 
of counts of vessels in frog sciatic nerves. The average of the highest con- 
centration of vessels in different nerves (68/mm?*) gave a value of 70 for the 
radius of the larger cylinder. The radius of the inner cylinder is that of a 
capillary, i.e. 

Blocking times of 1 min for 120 mm-KCl and 1-5 min for 60 mm-KCl are 
equivalent to coefficients of 1-4 x 10-* and 1-6 x 10-* cm*/min respectively. 

Nerve perfused with a Na free solution. With the same equation, and the 
average of the shortest blocking times, 7 min, the diffusion coefficient is 
1-6 x 10-5 em*/min. Taking the general average, 15min, the value is 
7-5 x 10-* em*®/min. 

It follows from these results that whereas the rates of diffusion in desheathed 
nerves are only 2-3 times greater than those in perfused nerves, the latter are 
between 13 and 42 times greater than those in intact control nerves. These are 
facts which are very remarkable in several respects. 

(a) The structure of the perfused nerve has not been altered in any way, 
80 that the rapid rate of diffusion seen in such a nerve can only be ascribed to 
the absence of the sheath as an effective barrier. Since the sheath is only 
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2-6 thick, it is evident that it must in fact be very impermeable indeed to be 
responsible for such low apparent rates of diffusion for the nerve as a whole. 
(b) The values of the coefficients of diffusion of NaCl and KCl from 0-1 m 
solutions into pure water at 18° C, given in the International Critical Tables 
are 7-8 x 10-* and 9-1 x 10-* cm*/min respectively. The substantial difference 
between these figures and those calculated for desheathed and perfused nerves 
is perhaps greater than might be expected. However, the presence of the large 
number of closely packed fibres which are effectively impermeable to Na and K 
cannot be neglected. Their principal effect is perhaps to lengthen the total 
diffusion path by a factor which cannot be determined very exactly, but which 
might be of the order of }7 if the fibres could be simply considered as closely 
packed cylinders. This is probably too great a simplification, and does not 
take into account any complications introduced by the presence of endoneural 
sheaths or septa. The electrolyte and protein content of the interstitial fluid 
(although not known exactly) must raise its specific viscosity, and thus 
decrease the rate of diffusion, by a factor of perhaps as much as 2. It may well 
be that the spaces between the tightly packed fibres are sufficiently small in 
relation to the mean free paths of the ions to interfere with their diffusion. 
(c) The small difference between rates of diffusion in desheathed and per- 


fused nerves is rather surprising, especially as the assumptions made in the — 


calculations all tended to exaggerate any difference. The desheathed nerve 
suffers some loosening of its structure which probably increases exchange by 
mixing to a variable degree, and so gives a rather higher diffusion coefficient. 
In the case of the perfused nerve no allowance was made for the dead space 
of the perfusing system, and it was assumed that the capillary concentration 
was always at the maximum level, ignoring any arteriovenous gradient. This, 
of course, would give rather low diffusion coefficients. It has been claimed 
(Chambers & Zweifach, 1947; Pappenheimer et al. 1951) that only a small 
fraction of the capillary wall is available for the diffusion of water and electro- 
lytes (about 0-2% of the surface area according to Pappenheimer and his 
co-workers). If this were true, then one would expect to find a considerable 
difference between the calculated rates of diffusion in desheathed and in 
perfused nerves, since the capillary was assumed to be freely permeable. 

At least part of the explanation for the discrepancy can be traced to the 
assumption made by Pappenheimer et al. (1951) that the capillary and the 
surrounding tissues can be considered as a system of two well-stirred com- 
partments separated only by the capillary wall. This assumption seems quite 
unjustifiable, except on the grounds of convenience, since it ignores the 
geometry, the dimensions and the nature of the block of tissue which is 
effectively supplied by each capillary. The rather low figure given by the 
authors for the total capillary surface area in the perfused hind-limb of the cat 
(70 cm*/g muscle) suggests that the ultimate diffusion pathway (Az) in their 
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experiments was of the order of 40, (initially, of course, Az is a function of 
time). Using their own equation, this would give a value nearer 8°% for the 
fraction of the capillary wall available for diffusion. The contrast between the 
rates at which lipoid-soluble and lipoid-insoluble substances leave the circula- 
tion (Renkin, 1952, 1953) does not support the thesis of Pappenheimer and his 
colleagues as directly as they suggest. The lipoid-soluble substances diffuse out 
much more rapidly not only because the whole capillary wall is available to 
them, but also because the surrounding muscle fibres are permeable, as 
Renkin himself showed. 

It is not claimed that the entire frog capillary wall is freely permeable to 
electrolytes, but rather that the results of the present experiments do not 
seem consistent with a very high degree of impermeability. 


The permeability of the nerve sheath to electrolytes and to lipoid-soluble 
substances 

The interpretation of the mode of action of various substances upon intact 
and desheathed nerves given by Feng & Liu (1949) can be used to explain 
several features of the perfusion experiments. When there is a great difference 
between the blocking times in perfused and in control nerves, this indicates 
that the substance in question has a rapid action upon nerve fibres, but is. 
usually prevented from reaching them by the impermeable sheath. To this 
group belong the Na-free, KCl, RbCl, acid Ringer, BaCl,, CuCl, and HgCl, 
solutions. If the difference between the blocking times is not very striking, 
there are two possibilities. The substance may havea rapid action and penetrate 
the sheath readily (like acetone, alcohol and possibly the alkaloids, cocaine and 
veratrine) or it may have a very slow action (like CaCl, and NH,Cl). Clearly 
none of the electrolyte solutions gave any evidence of being able to penetrate 
the sheath at all easily. The rapid blocking action of isotonic CaCl, described 
by Feng & Liu (1949) may have been due to a failure to preserve an adequate 
concentration of Na. 

Cocaine did not cause a rapid block in perfused nerves. This suggests that 
desheathing may sensitize the nerve fibres to its action. At a physiological pH, 
cocaine is in the form of the amine (Woods, Cochin, Fornefeld, McMahon & 
Seevers, 1951) which has a high oil-water partition coefficient and to which the 
sheath should be permeable. Renkin (1952, 1953) has demonstrated very 
clearly the direct relationship which exists between the ability of many sub- 
stances to penetrate cellular barriers and their oil-water partition coefficient, 
independently of their molecular weight. The high values of the coefficients of 
diffusion of O, (Gerard, 1927) and CO, (Fenn, 1928) in intact frog nerves agree 
fully with this. 

It has been shown that the lack of Na and an excess of K prevent conduction 
as rapidly in intact perfused nerves as in desheathed nerves. This supports the 
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ionic theory of nerve conduction presented by Hodgkin (1951). The early failure 
to contract shown by muscles perfused with Na-free solutions demonstrates 
the importance of Na for muscular activity, and also the greater abundance of 
the capillary blood supply in muscles. 

The high values of the diffusion coefficients of Na in nerves calculated by 
Lorente de Né (1952) are based upon very arbitrary estimates of the inter- 
stitial Na concentrations. Most of the phenomena described in his papers can 
be accounted for by the dramatic response of nerve fibres to very small changes 
in the Na concentration near the threshold for conduction. For instance, the 
spontaneous recovery seen when a Na deficient nerve is exposed to the air is 
probably caused by drying, and perhaps also by the escape of Na from con- 
nective tissue cells. 


The functional significance of the connective tissue sheath of the 
peripheral nerve 

The present work has shown that the frog nerve sheath acts as a barrier to 
the diffusion of electrolytes under experimental conditions which closely 
approximate the normal. It remains to be considered why there is such a 
diffusion barrier around the peripheral nerves. 

Histological observations (Krnjevic, 1954) suggest that the diffusion barrier 
is to be found in the continuous endothelial cell layers of the perineurium, 
described so clearly by Key & Retzius (1876) and Ranvier (1878). The peri- 
neurium surrounds bundles of nerve fibres and is the most striking element in 
the nerve connective tissue sheath, particularly where only one bundle is 
present. Its regular and compact structure contrasts with the loose, irregular 
structure of the epineurium, which covers the nerve as a whole. In the frog 
the epineurium consists of only poorly defined tissue lying outside the peri- 
neurium. It may be added that desheathing, when successful, always removes 
the perineurium. Causey & Palmer (1953) have claimed that desheathing only 
removes the epineurium, but plate 1 in their paper shows a frog nerve which 
has been cleaned but not desheathed, and which would not behave as a 
desheathed preparation, while their desheathed rabbit nerves have clearly lost 
both epineurium and perineurium. 

The question whether it is the epineurium or the perineurium which is 
removed is not of purely academic interest. A continuous sheet of cells as in 
the perineurium might well be a diffusion barrier, and in having such a structure, 
the perineurium resembles another well-known diffusion barrier, the arachnoid. 
This similarity is rather significant as there is good evidence that both mem- 
branes are developed from the same ectodermal embryonic tissue, the neural 
. crest. Harvey & Burr (1926), Harvey, Burr & van Campenhout (1933) and 
Lear & Edwards (1933) have shown that the leptomeninx (pia-arachnoid) is 
essentially of ectodermal origin, being formed from migratory cells of the 
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neural crest, whereas the dura is largely mesodermal. Masson (1942), on the 
other hand, has demonstrated the importance of such migratory neural crest 
cells in the development of the peripheral nerves in human embryos; all the 
connective tissue elements of the peripheral nerves, except the mesodermal 
epineurium, are apparently derived from these cells which have been named 
the primitive Schwannoglia. 

It would seem, therefore, that the ectodermal tissues of the entire nervous 
system, central and peripheral, are separated from the surrounding meso- 
dermal elements by a continuous system of ectodermal sheaths. In this 
light, the significance of the peripheral nerve sheath becomes more evident. 
The arachnoid, as a component of the blood-brain and blood-cerebrospinal- 
fluid barrier, plays an important part in the maintenance of the internal 
environment of the central nervous system. It may be supposed that the 
perineurium preserves the constancy of the internal environment of the 
_ peripheral nervous system, by shielding it from the products of excessive 
activity, or of pathological processes in surrounding tissues. A striking 
example of this was described by Hoyle (1953), who has shown that such a 
system of sheaths, acting as a diffusion barrier, enables the avascular nervous 
tissues of the insect to function normally in spite of enormous variations in 
the K concentration of the blood. 

There is no doubt that removal of the sheath does affect the behaviour of 
the nerve fibres; the myelin sheaths swell, there are gradual changes in the 
fast electrotonus, the fibres deteriorate relatively quickly (Lorente de Né, 
1952) and apparently become very sensitive to cocaine. It is not clear whether 
these are only osmotic effects to be ascribed entirely to the absence of the 
elastic sheath, or whether they also demonstrate the loss of some essential 
factor, normally present in the interstitial fluid of the nerve. The similarity in the 
behaviour of spinal roots and desheathed nervesis of some interest in this respect. 

It can be concluded that the function of the peripheral nerve sheath as a 
diffusion barrier is probably to preserve the specific character of the internal 
environment of the nervous system, and that the elastic pressure it exerts 
upon the contents of the nerve may be of some importance for the regulation 
of their osmotic balance. 

SUMMARY 

1. A perfusion method suitable for the study of the properties of the frog 
sciatic nerve is described. 

2. Perfusion with a Na-free solution can block conduction reversibly within 
6-7 min; perfusion with isotonic KCl blocks conduction reversibly in about 
min. 

3. Perfusion with isotonic RbCl, acid Ringer (pH 3-0), BaCl,, CuCl, or 
-HgCl, also blocks conduction rapidly, but perfusion with isotonic CaCl, or 
NH,Cl has only a slow effect on conduction. 
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4. Most electrolyte solutions act much more rapidly in perfused nerves than 
in control nerves simply exposed to the same solutions. Solutions of lipoid- 
soluble substances act nearly equally rapidly in the two cases. 

5. An analysis of the diffusion coefficients of Na and K in control, desheathed 
and perfused nerves shows that, whereas the rate of diffusion in control nerves 
is about #, to 4; of that in perfused nerves, there is remarkably little difference 
between the rates of diffusion in perfused and desheathed nerves. 

6. These results confirm the belief that the peripheral nerve connective 
tissue sheath is a barrier to the diffusion of electrolytes. They do not agree with 
the hypothesis that only a very small portion of the capillary wall is available 
for the diffusion of electrolytes. 

7. It is suggested that the peritiéurium is a diffusion barrier as part of an 
extensive system of ectodermal sheaths which cover the entire nervous system, 
central and peripheral, and which probably serve to maintain the specific 
character and the constancy of its internal environment. 


I am indebted to Prof. D. Whitteridge and Dr P. Eggleton for much advice and guidance, and to 
Mr W. T. 8. Austin for his help in the construction and maintenance of the recording apparatus. 
Part of the work was performed during the tenure of a Goodsir Memorial Fellowship, 
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THE MINIMUM QUANTITY OF LIGHT REQUIRED TO ELICIT 
THE ACCOMMODATION REFLEX IN MAN 


By F. W. CAMPBELL* 
From the Nuffield Laboratory of Ophthalmology, University of Oxford 
(Received 13 August 1953) 


If an emmetrope views a near object the visual axes of the eyes converge and 
the refractive power of the crystalline lenses increases, resulting in sharp vision 
without diplopia. While there is close harmony between the degree of conver- 
gence and the extent of accommodation, accurate accommodation can occur 
in the absence of convergence. Normally the conscious awareness of the 
distance of an object also assists in the production of the correct degree of 
accommodation. But accommodation can be elicited even without knowledge 
of the distance of thé object from the eye, by suddenly placing a negative 
spherical lens of moderate power before the eye. The adjustment to this change 
in vergence of the light occurs rapidly without conscious effort on the part of 
the subject. It may justifiably be classed as a reflex. 

The purpose of this paper is to determine the minimum amount of light 
required to elicit the accommodation reflex. Some observations on the 
behaviour of the accommodation mechanism in darkness are also reported. 


METHODS 

Accommodation changes were determined objectively by photographing the third Purkinje- 
Sanson image formed by reflexion from the anterior surface of the lens. The dimensions of the 
image were then measured directly on the negative with a measuring microscope. The size of such 
an image depends on the radius of curvature of the reflecting surface. When the eye accommodates 
for a near point the radius of curvature of the anterior surface of the lens becomes Jess and the size 
of the third catoptric image decreases. To facilitate measurement a double light source was 
employed and the appearance of the double image is shown in Fig. 1. 

A 200J electronic flash tube (Mullard, L.S.D. 7) was used as the source of light for photography . 
This source was doubled by placing mirrors above and below the tube with a screen before the 
tube. A 100W compact filament lamp was placed in front of the screen to permit initial adjust- 
ment of the camera. 

A 35 mm ‘Wrayfiex’ camera fitted with a 50 mm //2 lens and a 50 mm extension tube was used 
to photograph the images. Photographs were taken at an effective aperture of //16. Forty-five 
exposures could be taken at intervals of 20 sec without re-loading the camera. Careful focusing 
and aligning are essential. A single-lens reflex camera of this type is ideal for the purpose. 


* Present address: Physiological Laboratory, University of Cambridge. 
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The test object was a circular disk of light provided by an adaptometer placed 5 m from the 
subject. The light source of the adaptometer was a small wattage lamp fed from 4 constant 
voltage transformer (Colour temperature, 3000° K). The luminance of the test object was altered 
by means of calibrated neutral density wedges. An iris diaphragm placed in front of the stimulus 
controlled its size. 

_ ‘The subject’s head was supported by a chin and forehead rest. One eye was occluded with a 
screen. A special lens holder was constructed to hold lenses of 2 cm diameter before the subject’s 
other eye. These lenses could be placed close to the eye without interfering with photography. All 
experiments were carried out in a dark room. 


Fig. 1. Untouched photograph of the Purkinje-Sanson images of the left eye. The bright image to 
the left of the photograph is formed by the anterior surface of the cornea. The larger and 
dimmer image near the centre of the pupil is the 3rd image formed by the anterior surface of 
the lens. The smaller image to the right is formed by the posterior lens surface. 


To determine the light minimum for the reflex a moderate degree of accommodation was 
elicited by placing a —3D lens before the eye and instructing the subject to view the test object. 
Seven photographs were then taken. The luminance of the stimulus was reduced in steps of 
0-25 log,, units between each photograph. This sequence was carried out with the test object sub- 
tending angles of 0-5’, 0-9’, 1-25’, 3’, 10’, 25’, 30’, 1° and 1-5°. The initial luminance of the test 
_ object was adjusted to a convenient level for each size of test object. The subjects closed their eyes 
between each photograph and re-focused the test object after each adjustment of luminance. 
Approximately 3 sec was allowed for the subject to find and to accommodate on the test object. 

To determine the effect of the luminance of the test object on the maximum amount of accom- 
modation which could be exerted, a — 6 D lens was placed before the subject’s eye. The subject was 
instructed to accommodate until the test object, which subtended 1°, appeared in sharp focus. 
Photographs were then taken with the test object at known luminances. In addition, a series of 
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calibration photographs was made at the high luminance level of 10* »L (microlamberts) with 
negative lenses of known power before the eye. In this way it was possible to express approxi- 
mately the amplitude of accommodation in dioptres by referring to the calibration data. The 
subject re-focused the test object after each adjustment of luminance. 

While these experiments were in progress the subjects were requested to report any changes 
observed in the colour, luminance or size of the test object. 

In order to examine the behaviour of accommodation in the absence of any light sensation, use 
was made of the foveal scotoma found at low levels of illumination in the dark-adapted eye. The 
subject was presented with a disk subtending 30’ at 5 m distance and the luminance of the object 
was gradually diminished until it was no longer visible foveally, although it was still visible 
parafoveally. Before each photograph, the subject was instructed to look ‘directly at the light’ 
so that its image fell on the fovea. The photograph was taken when the subject reported that the 
light was no longer visible. In this way the visual alignment necessary for the accurate estimate 
of the curvature of the centre of the anterior surface of the lens was ensured in spite of the absence 
of visual stimulation. 


RESULTS 
The light minimum for the accommodation reflex 
Fig. 2 shows the result obtained with subject H.M.C. while viewing test 


objects subtending 0-5’, 3’ and 25’ through a —3 D lens. Photographs were 
taken after each reduction in the luminance of the test object (0-25 log. steps). 


3/ 25/ 


Size of third image (mm) 
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0-8 j 
oe 3 2 1 
Log. luminance in microlamberts 
Fig. 2. The effect on accommodation of diminishing the luminance of test objects subtending 
0-5’, 3’ and 256’. Accommodation for near was induced by placing a — 3D lens before the eye. 


The subject re-focused the test object after each photograph. It can be seen 
that, when the luminance of the 0-5’ object was 10° wL or brighter, accom- 
modation for near was induced by the —3D lens. However, when the lumi- 
nance of the test object was further reduced accommodation diminished 
suddenly, as shown by the increase in the size of the third Purkinje-Sanson 
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image. Similarly, with the 3’ and 25’ test objects accommodation diminished 
below a luminance level of 10** and 10'* uL respectively. 


In Fig. 3 the critical luminance in log,, ~L below which accommodation | 


diminished is plotted against the visual angle of the test object. If the 
relation between the size of the stimulus and its luminance obeys Ricco’s 
law (Area x Luminance = Constant) then the gradient of the experiment curve 
should be parallel to the interrupted line drawn in Fig. 3. It is clear that for 


100 


ee 1 2 3 4 5 
Log. luminance in microlamberts 


Fig. 3. The relationship between the threshold luminance for the accommodation reflex and the 
size of the test object. If the relationship obeys Ricco’s Law the experimental curve should 
have the same slope as the interrupted line. 


objects subtending from 0-5’ to 10’ this law is substantially true. That is, 
within this range of visual angle the factor determining the light minimum for 
the accommodation reflex is the total light energy of the stimulus. The results 
obtained with larger test objects subtending from 10’ to 1-5° deviate slightly 
from this law. The minimum light energy required to elicit the accommodation 
reflex is greater at these larger angles. 

This experiment was repeated on two other subjects over a smaller range of 
object size with the same results. 


Effect of lens power on the light minimum 
In the previous experiments a —3D lens was used to elicit accommodation. 
As the power of the lens used to induce the accommodation may influence the 
determination of the light minimum, a further experiment was designed to 
estimate the light minimum for the reflex with lenses of different powers before 
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the eye. The size of the test object was held at 1° visual angle throughout the 
experiment. 

The results obtained with subject H.M.C. are shown in Fig. 4. A linear 
relationship was found between the dioptric power of the lens used to elicit 
accommodation and the log,, of the threshold luminance at which accommoda- 
tion occurred. By extrapolation it may be calculated that with a lens of zero 
power before the eye the light minimum would be 1 uwL with a 1° stimulus. 
Thus the results presented in Fig. 3 may be approximately 10 »L higher than 
the true threshold for the accommodation reflex due to the use of a —3D lens 
to stimulate the refiex. 


i 
0 1 2 
Log. luminance (microlamberts) 
Fig. 4. Effect of the power of the negative lens used to induce accommodation on the 
threshold luminance for the reflex for a 1° test object. 


Effect of luminance on the amplitude of accommodation 

The effect of varying the luminance of the test object on the amplitude of 
accommodation is shown in Fig. 5. A —6D lens was placed before the eye of 
the subject (H.M.C.) to stimulate the necessary degree of accommodation. 
It can be seen that as the luminance of the test object decreased the degree of 
accommodation exerted to overcome the blurring of the —6D lens diminished, 
finally reaching a very low value at 10-°* »L. It should be stressed that in 
this experiment the subject was instructed to exert voluntarily enough accom- 
modation to overcome the blurring due to the —6D lens and that the accom- 
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modation response was not necessarily involuntary as in the previous 
experiments. 


Accommodation (dioptres) 
T 


i 
0 1 2 
Log. luminance (microlamberts) 


Fig. 5. The relationship between the luminance of a 1° test object 
and the amplitude of accommodation. 


Subjective of 

During these experiments the subjects were instructed to report if they 
failed to see the test object when viewing it foveally. When their reports were 
compared with the results obtained photographically it was found that the 
test object could always be seen when its luminance was 0-25 log,, unit lower 
than the light minimum for the accommodation reflex but could only rarely 
be seen when it was 0-5 log ,, unit lower. If the subjects viewed the test object 
parafoveally it could be detected 1-2 log,, units lower still, the exact value 
depending upon their state of dark-adaptation. 

Frequently, subjects would report a sudden apparent increase in the size 
of the object as its luminance was lowered. This change always occurred at the 
point of sudden diminution in accommodative power. Blurring of the test 
object was never observed when its luminance was below the minimum 
required to elicit the accommodation reflex. 


Changes in the curvature of the lens below the light minimum 
necessary to elicit the accommodation reflex 
The behaviour of the accommodation mechanism in the absence of a visual 
stimulus was investigated in thirteen subjects and the result obtained with 
subject F.W.C. is shown in detail in Fig. 6. For calibration purposes twelve 
photographs were taken with the stimulus at a high photopic brightness with 
a 0, 0-5 or 1D negative lens before the eye. This calibration sequence was 
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carried out at the beginning and at the end of the scotopic experiment giving 
a total of four measurements ( @) at each level of accommodation. The means 
of these measurements were found ( x ) and the best straight line (AB) drawn 
through them. Six photographs were then taken at 2 min intervals after the 
subject had been in absolute darkness for 15 min, and the luminance of the 
stimulus had been reduced below the photopic threshold and was not perceived 
by the subject when viewed with the fovea. The mean of these measurements 
(©) was then determined and the degree of accommodation assessed from the 
calibration line AB. In this experiment the mean degree of accommodation 
present under scotopic conditions was 0-62D and the range was found to be 
from 0-38D to 0-87D. ; 
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Accommodation (dioptres) 


Fig. 6. Determination of the state of accommodation in darkness. @, calibration measurements 
at 0, 0-5 and 1D of accommodation. x, mean of readings. Line AB drawn through mean of 
calibration measurements. ©, readings obtained in darkness. 


Similar experiments were undertaken on a further twelve subjects, and the 
results are shown in Table 1. It can be seen that in these subjects the refrac- 
tive power of the lens increased by an average amount of 0-64 D in the absence 
of a visual stimulus. There is, however, a fairly wide scatter in the individual 
readings obtained from each subject. This variation is not due solely to the 
experimental error of the method, for subject no. 2 shows very little variation 
between readings. It seems likely that fluctuations of accommodation occur 
in most. subjects in the absence of light pe:..;*ion. The frequency of these 
fluctuations could not be determined as photographs could only be taken once 
every 20 sec. 
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Taste 1. The increase in the refractive power of the lens found in darkness. (At least 6 mcasurc- 
ments in darkness were obtained from each of thirteen subjects) 
Increase in refractive power in dioptres 


Subject Minimum Maximum Mean 


1 0-38 0-87 0-62 
1-10 13 1-20 
3 0 10 0-28 
4 0 10 0-67 
5 0-25 0-52 0-50 
6 0-5 10 0-75 
7 0-0 10 0-60 
8 0-35 0-85 0-50 
9 0 1-10 0-75 
10 0 0-60 0-25 
ll 0 1-00 0-60 
12 0-5 0-95 0-75 
13 0-5 10 0-80 
Mean 0-64 

DISCUSSION 


These experiments demonstrate that the accommodation reflex is activated 
only when the light energy of the test object exceeds a critical value which is 
approximately 1 »L for a test object subtending 1°. This level of luminance is 
near to the lower limit of the foveal cone threshold for visibility (Mandelbaum, 
1941). It may therefore be concluded that the receptors involved in the 
accommodation reflex are the foveal cones. 

Comparison of the foveal threshold for visibility, as reported by the subject, 
with the threshold for the reflex, as detected photographically, reveals that 
the threshold for the reflex is 0-25-0-5 log,, unit higher than the threshold for 
visibility. This implies that the accommodation reflex requires about twice the 
light energy necessary to excite sensation at the fovea. 

The reason for this higher threshold becomes clear if the nature of an out-of- 
focus image on the retina is considered. When the eye is in perfect focus for a 
given object there is a certain amount of light distributed outside the geo- 
metric image on the retina as a result of diffraction, chromatic aberration and 
spherical aberration. The observer is not normally aware of this degradation 
of the image border. However, if the vergence of the light is altered so that 
the retina is not situated at the point of optimum focus there is a further 
decrease in the contrast between the image border and its immediate surround. 
When we become conscious of this decrease in contrast we speak of blurring. 
In the case of a white disk on a dark background the blurred edges of the out- 
of-focus image will have a lower luminosity than the central regions of the 
image. If the luminance of the object is diminished until it approaches the 
sensory threshold the perception of the less intense blurred edge of the image 
will become impossible. Thus the finding of a slightly higher threshold for the 
accommodation reflex in these experiments suggests that appreciation of the 
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blurred edge of the image is necessary for the initiation of accommodation. 
Furthermore, the finding that the response of the accommodation mechanism 
to a —6D lens increases with increase in luminance of the object indicates that 
the eye only accommodates sufficiently to overcome the blurring which is 
detectable. The higher the luminance of the object the easier will be the 
detection of this out-of-focus blurring, and the greater will become the 
accommodation response. 

The edge of an out-of-focus image will vary not only in luminosity but also 
in hue owing to the chromatic aberration present in the normal eye. If the 
visual apparatus could detect and discriminate the colour of these fringes the 
accommodation mechanism might adjust itself more accurately. Fincham 
(1951) compared the effectiveness of white and monochromatic light stimuli on 
the accommodation reflex in a group of fifty-five young adults. He concluded 
that 60% of the subjects obtained information on the vergence of the light by 
means of the colour fringes produced round an image by chromatic aberration. 
To account for the remaining 40% he suggested that small scanning move- 
ments of the eye may permit differences in the vergence of the light to be 
detected by means of the retinal direction effect (Stiles & Crawford, 1933). 
It seems improbable, however, that two such entirely different mechanisms 
are involved in different groups of the population. It is also difficult to believe 
that the foveal cones could differentiate the unsaturated colour fringes around 
a 0-5’ object at levels of luminance only 0-25 log,, unit above the foveal 
threshold for visibility. Furthermore, the brightness difference produced by 
the Stiles-Crawford effect across a tiny out-of-focus confusion circle would be 
small. The very low brightness difference threshold necessary to detect 
such an effect is not found at the luminance levels used in this paper 
(Hecht, 1935). 

At scotopic levels of luminance below the cone threshold the optical system 
of the eye might be expected to assume the condition of minimum refractive 
power. The final experiment shows, however, that the accommodation mecha- 
nism takes up a position about 0-6D greater than this minimum power. This 
increase in the power of the lens may account for part of the refractive error 
found in ‘nocturnal myopia’. Otero (1951) undertook a similar investigation 
and found an average increase of 1-1 D in the refractive power of three subjects 
examined in total darkness. Koomen, Scolnik & Tousey (1953), on the other 
hand, detected no lens change in three subjects but some accommodation in 
a fourth subject. It would thus appear that in many, but not all, subjects 
there is under scotopic conditions an increase in the refractive power of the 
lens which rarely exceeds 12D. Spherical and chromatic aberration must also 
contribute to the total apparent change of 1-5 to 2D found in ‘nocturnal 
myopia’ (Koomen, Scolnik & Tousey, 1951). It is interesting to note that 
Whiteside (1952) found an increase in the refractive power of the lens under 
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bright photopic conditions when the eye was presented with a visual field 
containing no detail. 

It may be concluded that if the fovea is deprived of visual detail at any level 
of illumination the mechanism of accommodation takes up a position of 
relatively fixed focus approximately 0-6 D greater than the minimum refractive 
power of the eye. 

SUMMARY 

1. Changes in the state of accommodation were followed by photographing 
the Purkinje-Sanson image formed by the anterior surface of the lens. 

2. For test objects subtending from 0-5’ to 10’ the factor determining the 
threshold for the accommodation reflex was found to be the total light energy 
of the stimulus. For test objects subtending from 10’ to 1-5° the minimum light 
energy required to elicit the reflex was found to increase with the size of test 
object. 

3. It was found that for a given size of test object the light minimum 
required to elicit the reflex was only 0-25 log,, unit greater than the foveal 
threshold for visibility. 

4. The mechanism of accommodation was found to take up a relatively 
fixed position approximately 0-6D greater than the minimum refractive 
power of the eye when the luminance of the test object was below the cone 
threshold for visibility. It is concluded that the receptors involved in the 
accommodation reflex are the foveal cones and that in the absence of a foveal 
stimulus the mechanism of accommodation takes up a position of relatively 
fixed focus greater than the minimum refractive power of the eye. 
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THE EFFECT OF CARBON DIOXIDE ON RELATIVE RED 
CELL VOLUME 


: By D. MARY JACKSON ann MARJORIE E. NUTT 


From the Department of Physiology, University of Birmingham 
(Received 28 August 1953) 


| In the determination of relative cell volume by any haematocrit method it is 


a matter of serious concern from where the blood sample is obtained. It has 
been claimed that differences in the relative proportions of cells and plasma 
occur in blood samples taken from arteries, veins or capillaries. It seems likely 
that these alleged differences are due either to the haemodynamic differences 
in flow of blood through the various vascular channels or to the carbon dioxide 
being carried by the blood. The former problem has been investigated by 
Smith, Arnold & Whipple (1921), Fahraeus & Lindquist (1931), Ebert & 
Stead (1941), Stead & Ebert (1941), Hahn, Ross, Bale, Balfour & Whipple 
(1942), Root, Roughton & Gregersen (1946), Gibson, Peacock, Seligman & 
Sack (1946), Gibson, Seligman, Peacock, Aub, Fine & Evans (1946), Courtice 
& Gunton (1949) and Eifert (1951), producing divergent results. 

Schmidt (1867), Nasse (1878), von Limbeck (1894) and Hamburger (1902) 
first recorded increases in erythrocyte volume, as measured by the haematocrit 
or specific gravity changes, in the presence of high CO, tensions. Further work 
by Joffe & Poulton (1920), Doisy & Eaton (1921), Doisy & Beckmann (1922), 
Mellanby & Wood (1922), Warburg (1922), Smirk (1928) and Berk (1945), 
using haematocrit methods, has tended to confirm these results, though the 
CO, tensions used in some of these investigations have been above the normal 
physiological level, and in others the cells have been washed and suspended in 
a z) isotonic sodium chloride. Van Slyke, Wu & McLean (1923), using gravimetric 

and specific gravity methods to determine water loss from the plasma, and 
Henderson, Bock, Field & Stoddard (1924), using increase in refractive index 
as evidence of water loss, showed indirectly that there. was an increase in 
relative cell volume on rise in CO, content and fall in pH of the blood; though 
as Henderson et al. point out the differences observed over the physiological 
range were of doubtful significance. 

In this investigation an attempt has been made to measure the amount of 


367 
| 
7 
| 
| 
¥ 
a 


368 D. MARY JACKSON AND MARJORIE E. NUTT 


erythrocyte swelling in whole blood, in vitro, which occurs over a wide range of 
CO, tensions, and from this to predict the magnitude of changes occurring over 
the physiological range. 

METHODS 


Ox, sheep, rabbit and human bloods bave been used, the anticoagulant being either 30% potassium 
oxalate, with a final concentration in the blood of 0-3%, or the double oxalate mixture of Heller 
& Paul (1933), with a final concentration in the blood of 0-2%,. The blood was collected on the day 
of the experiment and stored at 4-6° C until required. 5-10 ml. blood samples in 150 ml. Douglas- 
type tonometers were equilibrated for 30 min while being rotated in a water-bath at 37° C. The 
gas mixtures used were a range of concentrations of CO, in air. In order to ascertain the effect of 
the state of oxygenation, blood was also equilibrated in tonometers containing room air or 
approximately 100% CO,, O,, and N,. 

Blood samples were withdrawn and placed under liquid paraffin, Meyerstein haematocrit 
samples were taken immediately (Meyerstein, 1942; Gilding, Meyerstein & Nutt, 1949; Jackson 
& Nutt, 1950). Estimations of the CO, content of the blood were made with as little delay as 
possible, using the Van Slyke manometric apparatus, and the residual gas from the tonometer 
tubes was analysed by the Haldane Gas Analysis apparatus. 


RESULTS 
CO, range experiments 

Ox. Experiments were performed on blood of seven different animals, six 
samples being taken from each. The results from two of these animals are 
tabulated in detail, and those from the remainder are summarized in Table 1. 
Over a range of 13-700 mm Hg partial pressure of CO,, with an increase of 
approximately 100 ml. in the CO, content of the blood, there was an increase 
in relative cell volume of 5-7%. If these increases in relative cell volume are 
graphed against the ml. CO,/100 ml. blood or against the log. partial pressure 
of CO, there is an approximately linear relationship. Over the physiological 
range of 40-60 ml. CO,/100 ml. blood the relative cell volumes would not differ 
by more than 1%, ie. about 0-4 of a haematocrit unit. Since the s.p. of 
Meyerstein haematocrit values at 4000 g (i.e. 5000 rev/min in a centrifuge 
radius 15 cm) is 0-2-0-3 of a haematocrit unit, the differences observed are not 
statistically significant. 

Sheep. Blood of nine different animals was investigated, the results of two 
animals being tabulated in full and the remainder summarized in Table 1. 
Over a range of 6-700 mm Hg partial pressure of CO,, with an increase of 
approximately 120 ml. in the CO, content of the blood, there was an increase 
of 3-7 % in relative cell volume. The findings thus closely resemble those of the 
ox experiments. 

Rablit. Blood of seven different animals was investigated, the results of two 
being given in full and of the remainder summarized in Table 1. Over a range 
of 5-700 mm Hg partial pressure of CO,, with an increase of between 100 and 
120 ml. in the CO, content of the blood, the relative cell volume increased 
by 8-13%. The relative cell volume increase is therefore about twice that 
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f observed for ox and sheep bloods over the same CO, tension range, but is not 
statistically significant over the physiological range. 


TaB_E 1. Effect of CO, on relative cell volume of ox, sheep and rabbit bloods 
Partial pressure mil. CO,/100 ml. Cell volume 


Blood Sample of OO, (mm Hg) blood (%) 
Ox 2 1 14-80 36-30 37-50 
2 40-80 50-55 37-63 
| 3 49-20 54-25 37-85 
4 59-60 58-80 37-98 
5 80-20 64-50 38-35 
: 6 654-0 137-20 39-84 
Ox 6 1 14-80 19-39 39-73 
} 2 31-0 26-83 39-74 
| 3 47-80 35-24 39-85 
4 59-40 39-62 39-84 
5 83-0 46-76 39-98 
6 525-0 121-86 41-76 
Ox 1, 3-5 and 7 Means 14-35 30-91 36-35 
679-3 135-37 38-47 
Sheep 3 l 12-30 34-10 36-70 
2 37-60 49-0 36-68 
3 47-30 55-20 37-03 
4 53-20 60-15 37-11 
5 67-20 64-85 37-16 
6 663-0 144-90 38-82 
Sheep 5 i 13-40 29-40 38-09 
2 39-70 48-05 38-29 
3 47-20 50-05 38-66 
4 52-0 53-05 38-70 
5 62-25 58-40 39-11 
6 676-0 132-20 40-50 
Sheep 1, 2,4 and 6-9 Means 11-54 30-99 38-36 
660-50 140-85 40-63 
Rabbit 4 1 6-0 10-03 31-78 
2 42-80 31-0 32-44 
3 50-80 34-20 32-55 
4 54°75 35-10 32-90 
5 60-0 36-38 32-55 
6 689-0 122-10 35-73 
Rabbit 6 1 9-80 28-58 35-11 
2 32-70 46-70 35-69 
3 48-80 36-16 
4 61-0 61-19 36-49 
5 80-50 67-53 36-56 
. 6 675-0 151-70 38-88 
y Rabbits 1-3, 5 and 7 Means 7 17-98 32-32 
676-10 129-14 35-25 


Human. Experiments were performed on samples from four subjects, and 
the results are summarized in Table 2. Over a range of CO, tensions from 10 to 
655 mm Hg partial pressure, with an increase of approximately 120 ml. in the 

CO, content of the blood, the relative cell volume increased by 6-9%. These 
| increases being similar to, though slightly more than, those for ox and sheep 
bloods, and slightly less than those for rabbit blood. 

PH, CXXIII. 24 
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9 
Partial of mm 110 «#127 10 $127 #181) 62165 2910 359 421 504 575 
mi. 00,/100 ml. blood” 2924 320 62 879 920 9999 1095 1185 
% cells 33-34 33-25 34-08 35-45 35-01 35-65 
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Lines have been fitted by the method of least squares to show the regression of the haematocrit 
readings on each of the variables studied, i.e. ml. CO,/100 ml. blood and log. of the partial pressure 
of CO,, in the human experiments and are shown in Figs. 1 and 2 respectively. The general equation 
for the lines in Fig. 1 is 

f ~a, +5,X,, 


where a, =the intercept, b, =the slope, X, —ml. 00,/100 ml. blood and f =the haematocrit value. 
Similarly, the general equation for the lines in Fig. 2 is 


=a, +0,X,, 


where a, =the intercept, b, =the slope, X, —log. of the partial pressure of CO, in mm Hg and ? =the 
haematocrit 


value. Values for a,, b,, a, and }, in the four experiments are shown in Table 3. 


Tastx 2. Effect of carbon dioxide on relative cell volume of human blood 
Number of sample 


‘] 2 3 4 5 6 q ‘ 
M.E.N., 31. iii. 52, 1. iv. 52 


34.99 35-08 35-18 
D.M.J., 8. iv. 52 


Partial of mm 143 33-7 872 474 5OB 538 581 600 67-4 5863 
Me 420 44 40 468 514 5309 55-7 


Partial of CO,mmHg 97 24 376 418 525 568 680 745 787 810 836 6434 


2 446 SOS 526 556 504 G5 617 619 1381 
41-20 41-63 41-71 4153 4203 4105 41-85 41-83 42:13 42:30 4266 44: 


36-74 37-18 3753 37:58 37-64 37-78 3793 37-65 37-80 39-51 
H.P.G., 1. v. 52, 2. v. 52 


M.N.N., 6. v. 52, 7. v. 52 


Partial of CO,mm Hg 134 348 470 583 744 82-1 835 1073 1490 2895 3220 6114 
blood 30-38 416 99-4 1023 1465 


488 512 5098 584 681 Tl4 805 
46-28 46- 


4561 4595 46-39 23 — 478 4675 47:20 4763 47-43 48 


Tastx 3. Values of a,, b,. a, and b, obtained in four experiments for the lines ? —a, +6, X, 
and ? =a, +0, X, shown in Figs. 1 and 2 


a, bj a, by 


When the experimental points are plotted in relation to each calculated line the agreement is 


within the experimental errors of the method. Lines could be fitted in a similar manner to the 


results of the ox, sheep and rabbit experiments. 


Effect of O, saturation on relative cell volume 
Results have been obtained on blood samples from sheep, and on rabbit and 


human bloods, exposed to high tensions of O,, N, and CO,; these are summarized 


in Table 4. Only in the cases of bloods exposed to high CO, tensions was there 
any significant difference in relative cell volume. 


| 12 
655 
0 1352 

MEN. 32:77 002595 3162 15804 

DMJ. 3628 002569 34:70 1-7347 

H.P.G. 40-48  0-02782 39-12 1-6806 

MN.N. 450  0-02466 43-45 1-6855 


46 8 100 120 140 160 18 
mi. CO,/100 mi. blood 
Fig. 1. Regression of relative cell volume on blood CO, content in four human subjects. 
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log. partial pressure CO, mm Hg 
Fig. 2. Regression of relative cell volume on logarithm of blood CO, pressure in four 
human subjects. 
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Taste 4. Comparison of the effect of high CO,, 0, and N, tensions on relative cell volume 


Species 
Rabbit 
30. i. 52 


19. iii. 52 


16. x. 52 
Sheep ; 
17. xii. 52 


uman 
31. iii. 52 


% cells CO,% 
34-03 91-90 
29-65 1-20 
29-90 1-06 
30-03 1-23 
2790 80-20 
27-30 83-70 
25-40 1-13 
25-45 0-99 
30-70 95-20 
28-54 1-16 
28-55 0-68 
28-38 1-55 
46-63 91-90 
44-73 1-62 
44-50 1-99 
44-38 1-90 
35-67 82-90 
33-30 2-39 
33-50 1-40 
33-25 1-84 


% 


Ns % 


Anticoagulant 
Heparin 


K oxalate 


Double oxalate 


Tasz 5. Effect of time of equilibration with CO, on relative cell volume 


21. viii. 52 


Eauili 
time (min) 


10 


% cells, exposed to 
100% CO, Room air 
44-68 — 
44-96 — 
45-20 — 
45-28 
44-33 
42:31 
96 31-01 
33-88 31-63 
33-54 30-93 
33-80 — 
34-48 31-73 
35-01 31-33 
35-44 31-15 
32-06 
32-48 29-26 
-38 
27-83 24-35 
27-60 
27-48 
27-88 
— 24-98 
27-63 24-73 
28-53 
28-13 — 
28-85 25-50 


r 
2-40 5-70 
85:25 13-55 } 
716 i 
478 1502 
397 12-33 
] 1-79 97-08 
20-61 78-40 
1-41] 3-39 Double oxalate 
92-65 6-19 ; 
188 97-44 
19:90 78-55 
| 96-89 1-49 
11-66 86-35 
20-0 78-0 
7 3-84 13-26 K oxalate 
88-0 9-61 
1-29 97°31 
1950 78-66 
7 
3 n 
Species 
Ox 
28. xi. 53 
Rabbit 
: 28. vii. 52 
; 29, vii. 52 
j 1. viii, 52 
4 20. viii. 52 
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Effect of equilibration time on relative cell volume 
Results summarized in Table 5 were obtained in experiments on ox and 
rabbit blood samples, and suggest that equilibration times from 5 to 40 min 
produce a similar effect on relative cell volume, but a slight increase is evident 
in two experiments on rabbit blood equilibrated for 1 hr with 100% CO, at 
87° 


DISCUSSION 


The bloods of all species investigated showed the same general tendencies, 
i.e. an increase in relative erythrocyte volume proportional to the CO, content 
of each particular blood sample. Over the range 40-60 ml. CO,/100 ml. blood, 
i.e. the extreme range of CO, content of the blood in vivo, there is no statisti- 
cally significant change in relative cell volume as measured by the Meyerstein 
haematocrit in these in vitro experiments. 

In general the results confirm those of earlier investigators who used direct 
measurements of relative cell volume, though the diversity of methods used 
makes comparisons difficult. The work of Joffe & Poulton (1920) most nearly 
corresponds with the present experiments on human blood. Using oxalated 
or defibrinated samples it was found that partial pressures of CO, up to 90 mm 
Hg did not produce any significant increase in relative cell volume and only 
a small volume increase thereafter. Doisy & Eaton (1921) recorded results on 
ox blood comparable with those of the present investigation. Over a range of 
3-100% CO,, the relative cell volume increased by 6-0-8-5 %. 

Smirk (1928), using human blood with potassium oxalate as anticoagulant, 
found that little change in relative cell volume occurred when venous blood 
was oxygenated by exposure to room air, but when exposed to 50% OO, in air 
relative cell volume increased by approximately 10°% and by 12% on exposure 
to 100% CO, at 17°C. These results agree with the single experiment of 
Mellanby & Wood (1922) on defibrinated sheep blood, in which no significant 
difference was found in the relative cell volume when exposed to room air and 
alveolar air, but a difference of about 12% in relative cell volume after CO, 
saturation. Warburg (1922), using defibrinated or hirudinized horse blood, 
found similar, though slightly larger, relative cell volume changes over a 
similar range of CO, tensions. 

Van Slyke e¢ al. (1923) and later Henderson e¢ al. (1924) avoided the use of 
an inaccurate haematocrit by substituting estimations of plasma water loss by 
gravimetric and specific gravity methods and by refractive index measure- 
ments respectively. From these results relative cell volume changes over the 
physiological range were deduced, However, as Ponder (1948) points out: 
‘Variations in the values obtained indicate that these methods were being used 
at the limit of their accuracy and have not been used to measure water shifts 
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over a wide range of CO, tensions.’ Further he states that: ‘Taken by them- 
selves as they were obtained, the values for the water shift would never 
suggest that they are the accompaniment of ion exchanges between ideal 
solutions separated by a cation impermeable membrane and it is only by the 
selection of one value and the rejection of another that they have been made 
to support this conception.’ 

Reference to Henderson’s familiar nomogram relating relative cell volume, 
total CO,, CO, tension, pH, etc., ina specimen of human blood (blood of A.V.B.) 
reveals that for an increase of 5 ml. CO,/100 ml. blood (i.e. from 48-53 ml./ 
100 ml.) the relative cell volume increases by approximately 1%. This is a 
much greater effect than that observed in any of the four human experiments 
reported here, where increases of 9-17 ml. CO,/100 ml. blood were required to 
produce a 1% increase in relative cell volume. It is noteworthy that, in line 
with the results of Van Slyke et al. on horse blood, the degree of swelling is 
related to the relative cell volume of the blood and is greatest where the ratio 
cells/plasma is least. However, there seems to be some species difference in this 
respect, since human and rabbit red cells swell more than those of ox or sheep. 

Smirk (1928) found that exposure times to CO, of 30 min to 21 hr did not 
cause a significant change in the amount of swelling of oxalated human and 
defibrinated sheep bloods. This work on sheep blood disagrees with that of 
Mellanby & Wood (1922), who observed the maximum corpuscular swelling 
5 min after saturation with CO, followed by a marked decrease within 2 hr; 
these changes were attributed to changes in red cell membrane permeability. 
However, it is not clear whether precautions were taken to prevent CO, loss 
from the blood after the preliminary saturation. Present experimental results 
on ox and rabbit bloods confirm those of Smirk and suggest that equilibration 
time is of little importance. 

Under the experimental conditions used, CO, was mixed with room air to 
provide the range of CO, tensions; thus there was a decrease in O, tension with 
a rise in CQ, tension. However, it can be seen from Table 4 that changes in 
O, tension are in themselves without effect on relative cell volume, though 
normally any decrease in oxygenation would be accompanied by an increase 
in CO,. This also applies to the experiments of Warburg (1922) where changes 
in QO, saturation were accompanied by changes in OO, tension. In the ex- 
periments recorded above, change in CO, tension was therefore the only 
factor which caused a change in relative cell volume, and a significant change 
in relative cell volume was only caused by CO, tensions above the normal 
physiological maximum. It seems reasonable, therefore, to conclude that 
changes in relative cell volume in arterial, capillary and venous blood samples 
recorded are due to factors other than changes in O, and CO, content. 

Work on arterial, capillary and venous bloods with special reference to CO, 
content and plasma chlorides was performed by Doisy & Beckmann (1922). 
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The slight increases recorded in eighteen out of twenty-two experiments per- 
formed may well have been within the error of their relative cell volume 
determinations. More recently, Eifert (1951) found the relative cell volumes 
of capillary and venous human blood to be similar in ninety-seven cases, 
greater in capillary than venous blood in five cases and greater in venous than 
capillary blood in thirteen cases. In only one subject was the arterial blood 
significantly different from the capillary and venous samples. Other workers 
have noted differences, however, in the cell/plasma ratio of arterial, venous 
and capillary bloods and in the whole body in conjunction with blood volume 
determinations. Further work in vivo is being undertaken with these questions 
in mind. 
SUMMARY 

1. The effect of a range of CO, tensions from 5 to 700 mm Hg in room air 
on relative red cell volume, as measured by the Meyerstein haematocrit, was 
studied. 

2. In the first series twenty-seven separate bloods were investigated, seven 
from ox, nine from sheep, seven from rabbits and four from humans. 

3. Red cells of all species investigated swelled with increasing CO, tensions 
up to 7% of the cell volume in room air in ox and sheep, up to 13% in rabbit 
and up to 9% in human bloods. 

4. Over the limits of the physiological range, i.e. from 40-60 ml. CO,/100 ml. 
blood there was no significant change in relative cell volume. 

5. A second series of experiments was performed exposing sheep, rabbit 
and human bloods to approximately 100% CO,, O, and N,. The high CO, 
mixture alone caused a significant change in relative cell volume. Therefore 
the red cell swelling observed throughout this work may be assumed to be due 
to CO, itself and not to changes in the state of oxygenation of the particular 
blood sample. 

6. A third series of experiments, in which the effect of CO, saturation for 
times from 5 to 60 min was studied, showed no significant increase in the 
degree of swelling of the cells up to 40 min equilibration and only a slight 
increase thereafter. 


The authors would like to thank Prof. H. P. Gilding for his criticisms and encouragement 
throughout this work, Dr C. White for his statistical analysis of the results and Miss J. M. Smith 
for assistance during the course of these experiments. 
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The first detailed study of the visual pigments was made by Kiihne (1878), 
who worked with whole retinae. He also discovered a method of preparing 
solutions of visual pigments, and since it is easier to make accurate measure- 
ments upon such solutions, almost all later work has been performed with 
them. 

It is usually supposed that visual pigments behave in solution as they do in 
the retina, though there is very little evidence that this is the case, Indeed, 
some of Kiihne’s observations on retinae have not been explained by more 
recent work on visual pigment solutions, which indicates that there may be 
differences. 

It therefore seemed worth while to investigate the behaviour of visual 
pigments in an environment which approximated more closely to that of the 
living eye than does a purified solution. It is very difficult to carry out 
spectrophotometric examinations on whole retinae, but it is possible to make 
from them cell suspensions which are suitable for such analyses, and in which 
the visual end-organs are relatively undamaged. 

In this paper such a method is described, and some preliminary experiments 
are compared with similar experiments on visual pigment solutions. The 
differences found will be analysed in subsequent papers. 

Kiihne’s observations were all qualitative. He described colour changes in 


_ isolated retinae, and found that those taken from dark-adapted eyes were 


pink-coloured, owing to the presence in the rods of a pigment, visual purple. 
When such a retina was exposed to light, its colour changed to orange, and 
then to yellow. Kiihne stated that the yellow colour was due to a breakdown 
product of visual purple, and he called this substance visual yellow. Visual 
yellow slowly faded, and as it did so the retina began to fluoresce green in 
ultra-violet light (quite apart from its usual blue fluorescence). Kiihne ex- 
plained this by supposing that visual yellow turned into another substance, 
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visual white. When the retina was returned to the dark, this sequence of 
changes could be reversed, and visual purple reformed. Kiihne therefore 
suggested that in the living retina visual purple underwent a cyclical process 
of bleaching and regeneration. 

Lythgoe, in 1937, analysed the bleaching of visual purple in solution. In 
solution, the product of bleaching is a yellow substance, which Lythgoe named 
indicator yellow, since he found that its absorption spectrum varied with pH. 
Indicator yellow was the end-product of bleaching, and no analogue to visual 
white was detected. : 

The chemistry of the visual pigments was investigated by Wald (1935). 
Visual purple is a chromoprotein, and Wald showed that its chromophore was 
a carotenoid, which he called retinene. Retinene could be easily extracted 
from the retina soon after exposure to light. Wald thought that the action of 
light on visual purple was merely to split the chromophore from its protein, 
and that the uncombined retinene was visual yellow. When the bleached retina 
had faded to Kiihne’s visual white stage, another carotenoid, vitamin A, could 
be extracted from the retina. 

Morton & Goodwin (1944) showed that retinene was vitamin A aldehyde, 
and Wald (1949) then showed that the reduction of retinene to vitamin A 
could be accomplished in the retina by alcohol dehydrogenase, an enzyme 
which is linked to coenzyme I. 

Morton, Collins & Love (1952) have now shown that indicator yellow is 
a retinene-protein conjugate. Pure retinene does not possess indicator 
properties, | 

The object of the experiments described below was to discover whether the 
behaviour of visual pigments was the same inside the visual receptors as it is 
in solution. Kiihne’s terminology is therefore used in the initial description 
of the results, since it refers to changes which occur in whole retinae and is 
non-committal. One exception has been made. Kiihne knew of only one 
visual pigment, visual purple, but since his time others have been discovered. 
Throughout this paper reference is made to the ‘visual pigment’ contained 
in the frog outer limbs, in order to avoid the question (which is discussed in 
a later paper) whether it has the same properties as the visual purple which 
can be extracted from frog retinae. 


APPARATUS AND METHODS 

The end-organ suspensions were examined in a spectrophotometer very similar to that described 
by Dartnall (1952). The differences are due to the fact that the instrument used in the present 
experiments was designed for use in both the visible and ultra-violet parts of the spectrum. The 
beam of light from a car headlamp bulb was focused on the entry slit of a monochromator system, 
which consisted of two monochromators arranged in series. Both monochromators had front- 
aluminized mirrors and quartz prisms. The light beam which was dispersed by the first prism was 
ocused on the entry slit of the second monochromator, In this way stray light was reduced to 
minimum. 
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The light which left the second monochromator passed through an aperture in a cell holder 
identical with the one described by Dartnall. It consisted of a brass block which slid to and fro on 
its base so that one of two slote cut in it intercepted the light beam. These slots held the quartz 
absorption cells, Holes were bored in the block so that water could be pumped round the absorp- 
tion cells. The water was kept at a constant temperature by a ‘Sunvic’ thermostat so that the 
cell holder was always at 20-0+40-1° C. 

After the light had passed through one of the absorption cells it fell on the photocathode of a 
RCA931 A photomultiplier. The output from the photomultiplier was fed, via a variable dropping 
resistance, into a critically damped Cambridge galvanometer of the lantern and scale type. 

The suspensions were bleached by exposing them for 10 min to the focused light spot coming 
from the galvanometer lantern. 

Calibrations. The band-width of the monochromator was determined by measuring the dis- 
placement of the wave-length drum necessary to move a spectral line across the exit slit. It 
varied from 1‘7 mp at 405 mp to 7-6 my at 579 my. 

The photocell was carefully checked to see whether the relationship between its output and the 
light intensity falling on the photocathode was linear. It was found to be so within 1% over the 
range of intensities used in the experiments. The relationship of galvanometer deflexion to applied 
current was also found to be linear to within 1%. Wave-length calibrations were performed 
every fortnight with mercury and cadmium metal vapour lamps. Twelve spectral lines were 
used for calibration, from 324 to 579 my. The wave-length calibration was found not to vary. The 
performance of the apparatus was compared with an entirely different spectrophotometer, the 
Unicam S.P. 500. Both gave the same experimental results, indicating that they were free from 

errors, 

Material. Suspensions were prepared from the retinae of dark-adapted frogs, Rana temporaria. 
The suspensions were made in a dark-room illuminated by a deep red safe-light. The frogs were 
decapitated and the heads washed clean of blood. The retinae were removed by the method 
described by Lythgoe (1937). A cut was made in the cornea, and both lens and retina squeezed 
through it by pressing on the roof of the frog’s mouth. The retinae were dropped into a centrifuge 
tube which contained frog Ringer-Locke solution, and shaken. This detached the outer limbs of 
the end-organs from their cell bodies. The tube was then spun for 20 min and the supernatant 
fluid, which contained some blood, was removed. The outer limbs were separated from the other 
cells of the retina by Saito’s method (Saito, 1938). The compacted mass in the tube was shaken 
up in 356% (w/v) sucrose solution, and centrifuged once again. The outer limbs floated in the 
sucrose, while the rest of the retina sank to the bottom of the tube. The sucrose was pipetted 
off and kept. Three or four washings with sucrose removed almost all the outer limbs. The retinae 
of six small frogs provided 2 ml. of a suspension in which the density of visual pigment was 0-5 for 
a 1 cm path-length. 


RESULTS 


Microscopical appearance of the suspensions 
The appearance of outer limbs suspended in sucrose was compared with the 
appearance of those which had been detached from the retina by shaking in 
Ringer-Locke solution. 

In the first 2 hr after removal of the retina the cells in both sorts of suspen- 
sion appeared the same. Many rod outer limbs could be seen (see PI. 1a, 5). 
They were cylindrical, refractile, and had smooth outlines. Their lengths varied 
between 14 and 83, and the diameter between 3-5 and 8. The longest rods 
had complete outer limbs. One end, which in situ lay next to the choroid, 
was rounded. The other ended in the inner limb. Most of the rods were shorter, 
and had incomplete outer limbs, which had broken off a few » from their 
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proximal ends. Smaller fragments were also present. The interior of some of 
the rods appeared homogeneous, but most showed cross-striations, whether 
they were complete or not. 

There appeared to be two kinds of rod; thin ones (diameter 4-54) and 
thick ones (diameter 7-5). The frequency-distribution curve of diameters 
was skewed towards the shorter diameters, and was possibly bimodal, but it 
was impossible to be sure of this, partly owing to the difficulty of measuring 
the diameters. 

Two kinds of cone outer limb were also seen. One, the most common, had 
a large, highly refractile ellipsoid, to which was attached a very small outer 
limb. The other, less frequently seen, had a longer (10,:) outer limb, which was 
thin and tapering. These two kinds of cone correspond to cell types which can 
be seen in fixed and stained preparations. 


Storage properties of the suspensions 

When the suspensions were stored, changes occurred in the structure of the 
outer limbs, which are illustrated by the photomicrographs. 

Pl. 1a, 6 were taken of suspensions which were less than half an hour old. 
All the cell types mentioned above can be distinguished. The outer limbs in 
Pl. la are suspended in Ringer-Locke solution, while those in Pl. 16 are 
suspended in sucrose. In the latter, the cells are floating throughout the depth 
of the Thoma counting chamber in which they were photographed, and not 
all are in focus. 

After 24 hr storage in the dark at 2° C, samples of the suspensions were 
again photographed (Pl. 2a, 6). In the sucrose suspension the cross-striations 
are more marked, but the cells are not otherwise altered, while those rods 
which were suspended in Ringer-Locke solution have become curved and 
swollen, This swelling occurs equally if the rods are stored in a Ringer’s 
solution whose sodium has been replaced by potassium (PI. 2c). It is therefore 
unlikely to be an osmotic phenomenon. 

After 48 hr storage, there is little further change in the sucrose suspension, 
but the rods in Ringer-Locke solution have split up into the platelets of which 
they are composed (Pl. 3a, 5). 

If sucrose is added to a suspension of swollen outer limbs in saline till the 
suspending medium is 10M, the swelling is not reduced (Pl. 3c). If the same 
experiment is performed after the platelets have separated, they are completely 
destroyed. 

These experiments suggest that rod outer limbs are protected from damage 
by the rod sheath. The sheath imbibes water if the rod is stored in saline, 
swells and finally ruptures. When this happens, the platelets, which form the 
interior of the rod (Sjéstrand, 1949), float unchanged in the saline, but they 
are now unprotected and can be destroyed by the addition of sucrose. 
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Optical properties of the suspensions 
Text-fig. 1 shows the absorption spectrum of a suspension, both before and 
1 hr after it had been exposed to light. Wave-length is represented along the 
abscissa in my, while the ordinate represents the optical density (D) of the 
suspension with reference to a sucrose blank, i.e. 


Dailad k light intensity transmitted by the cell suspension 
Bio hght intensity transmitted by a sucrose blank 


The exposure to light causes a small change in the density of the suspension. 
In the visible spectrum there is an increase of light transmission, while there 
is a decrease in the ultra-violet. 

These changes suggest that a visual pigment has been destroyed and visual 
white has been formed. 

However, the changes in light transmission are very small in comparison 
with the total density of the suspension, and the method cannot yield accurate 
results. In most experiments, therefore, a different procedure was adopted, 
illustrated by Text-fig. 2. Here the abscissa represents wave-length (in my), 
and the ordinate optical density. 

Two absorption cells were filled with samples of the same suspension, and 
the difference in the light transmitted by them was measured in 20 my steps 
from short to long wave-lengths (A—B) and then back again in interlacing 
20 my steps (B-C). The ‘cell-difference’ is small and neutral, and is due to the 
difference in the light transmitting properties of the quartz walls of the cells. 
One absorption cell was then taken out of its holder, and exposed for 10 min 
to the bleaching light. Immediately after the measurements D-E and E-F 
were taken. After a pause of 3 hr, the measurements represented by the 
curves H-I and I-J were made. Since, before exposure to light, the two sets of 
measurements A—B and B-C fell on the same curve, the suspension must have 
been stable. Three hours afterwards, the suspension was stable once more. 
The changes which occurred in between must therefore be due to the action of 
light on the suspension. 

Since the change in the density difference between the two cells is due to the 
presence of unbleached pigment in one, and bleached pigment in the other, 
the curves are analogous to difference spectra with a base-line of ABC. The 
difference spectrum of the suspension is similar to the difference spectrum of 
visual purple in solution. The increase in light transmission is due to the 
bleaching of the visual pigment in the outer limbs, while at shorter wave- 
lengths there is a decrease in light transmission due to the formation of visual 
yellow. There are, however, several differences between the bleaching of visual 
purple in solution and the visual pigment of the cell suspensions. The difference 
spectrum maximum of the product of bleaching is at 390 my, which is unlike 
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The optical density is measured with reference to a sucrose blank. 
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Text-fig. 2. The absorption spectrum of a suspension. Optical density measured with reference to 
another portion of the same suspension, A-—B and B-C, two sets of interlaced measurements 
made before the suspension was exposed to light. D-H and E—F, measurements made 
immediately after the suspension had been exposed to light. H-J and J-J, measurements 


made 3 hr later. 
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the maximum of indicator yellow (365 my). Moreover, the visual yellow of 
the suspensions is unstable and rapidly disappears. 

Another difference is in the wave-length of maximum absorption. The 
pigment present in the suspensions has a difference spectrum maximum at 
511 my, significantly different from the 504 mu maximum of visual purple in 
solution. 

DISCUSSION 

When a retina is gently teased out on a microscope slide, the rod outer limbs 
which are detached appear quite structureless, and are almost all complete. 
The slightest trauma causes cross-striations to appear, and breaks the rods 
perpendicularly to their long axis. They then appear as they do in the suspen- 
sions. The sucrose used as a suspending medium causes no damage by itself, 
since the frog outer limbs are protected by their thick sheaths, as Kiihne 
first demonstrated. 

This is not true of all species. The rods of tench and carp shrink when 
placed in sucrose, and the surface of the rod becomes crinkled. 35°% (w/v) 
sucrose destroys visual pigments, and Dartnall has found that if sucrose 
suspensions of fish outer limbs are kept in the refrigerator overnight, all visual 
pigment disappears from them. It is very likely that the sucrose can enter 
the outer limbs and attack the pigment. In suspensions of frog outer limbs, 
on the other hand, the pigment is stable for about 12 days, after which it 
quickly disappears. Intact rods cannot be found in such a suspension. It is 
therefore probable that sucrose cannot enter the outer limbs of the frog. 
Experiments described in a later paper give further support to this idea. 


Optical properties of the suspensions 
Though the suspensions transmitted only a small fraction of the light 
incident upon them, accurate difference spectra could always be obtained by 


‘measuring the difference in the light transmitted by two samples of the 


same suspension, only one of which had been exposed to the bleaching light. 

This method has the additional advantage that instabilities in the suspen- 
sions not due to the bleaching of visual pigment do not affect the final result. 
For example, if the outer limbs in the suspension tend to settle, this will 
happen equally in both samples and, though the light transmitted by both 
will increase, the difference between them will remain constant. 

A disadvantage of this method is that, in the ultra-violet part of the spectrum 
Where the intensity of the light source is small, and the suspensions are 
optically very dense, so little light is transmitted by them that no measure- 
ments can be made at all. The ultra-violet measurements had therefore to be 
made with reference to a sucrose blank, and all the difficulties of measuring 
small changes in high densities were encountered. 
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Comparison of results with visual purple difference spectrum 

Since visual purple is the only pigment which has so far been extracted from 
the outer limbs of frog retinae, the present results should be compared with its 
difference spectrum. 

The most striking difference in such a comparison is that the product of 
bleaching (visual yellow) is unstable, and apparently is transformed into visual 
white. The changes observed in the present experiments confirm Kiihne’s 
observations. Another significant, though less striking, difference is the wave- 
length of maximum absorption of the visual yellow, 390 my. This is very near 
to the wave-length of maximum absorption of uncombined retinene, and 
suggests that inside the visual cells, indicator yellow is not formed. These 
details of the visual purple cycle are discussed in a later paper. 

A third difference between the difference spectra of the suspensions and of 
visual purple in solution is the position of the wave-length of maximum 
absorption (511 and 502 my). It is unlikely that the true maximum of visual 
purple is at 511 my, and that the pigment is altered by being brought into 
solution, since the frog’s scotopic sensitivity curve has a maximum at 502 my 
(Granit, 1947). It is more likely that the 511 mz maximum is an artifact. 
There is, however, a third possibility, that the outer limbs contain another 
light-sensitive pigment, which is destroyed, or not extracted, by the agents 
used to make solutions of visual purple. Such a pigment would have to have 
a maximum absorption at longer wave-lengths than visual purple in order to 
produce the difference spectrum shown in Fig. 2. This problem is investigated 
in a third paper. 

SUMMARY 


1. A method is described for making suspensions of the outer limbs of the 
rods and cones of Rana temporaria. 


2. The difference spectrum of the pigment inside the cells is not the same 
as that of visual purple in solution. 

3. The yellow coloured product of bleaching is not indicator yellow, and is 
unstable. 

4. The difference spectrum maximum of the pigment present in the suspen- 
sions is at a longer wave-length than that of visual purple in solution. 


This work was done while I held a scholarship from the Medical Research Council, whose support 
I should like to acknowledge. 

I should like to thank Mr G. R. Wright, Mr A. Church, and Mr N. A. L. Roberts for their 
help in the construction of apparatus, and all the members of the Group for Research in the 
Physiology of Vision, especially Dr H. J. A. Dartnall, for encouragement, advice, and criticism. 
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EXPLANATION OF PLATES 


Puate 1. Photomicrographs of cell suspensions 
a Outer limbs of rods and cones suspended in Ringer-Locke solution. 
b Outer limbs of rods and cones suspended in 35%, sucrose. Photomicrographs taken 30 min 
after the suspensions had been prepared. 
c Calibration for Pls. 1-3. Each division is x<}5 mm. 


Puatse 2. Photomicrographs of cell suspensions 
a Outer limbs of rods and cones suspended in Ringer-Locke solution. 
b Outer limbs of rods and cones suspended in 35% sucrose. 
e Outer limbs of rods and cones suspended in potassium- Ringer. 
Photomicrographs taken 24 hr after the suspensions had been prepared. 


PiatE 3. Photomicrographs of cell suspensions 
a Outer limbs of rods and cones suspended in Ringer-Locke solution. — 
6 Outer limbs of rods and cones suspended in 35% sucrose. 
_¢ The suspension of a, 1 hr later. Sucrose has been added to the suspension to a concentration 
of 10 


Photomicrographs taken 48 hr after the suspensions had been prepared. 
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THE DARK REACTIONS IN VISUAL CELL SUSPENSIONS 
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Kiihne’s (1878) pioneer experiments led him to the belief that when light fell 
on the retina, its visual purple underwent a cyclical series of reactions. The 
initial product of bleaching, visual yellow, was transformed into visual white, 
from which visual purple could be reformed. 

Though Wald has analysed this cycle in detail, he has always used chemical 
techniques (Wald, 1935; Wald & Hubbard, 1949, 1952); and it is not known 
whether the substances which can be extracted from the retina exist as such 
in the cells. 

It is, moreover, impossible to follow the reactions of the visual purple cycle 
spectrophotometrically in visual purple solutions, since in such solutions the 
initial product of bleaching does not undergo further changes. 

However, suspensions of visual end-organs can be made in which changes, 
analogous to those described by Kiihne, occur (Arden, 1954). When such 
a suspension is exposed to light, the bleaching of the visual pigment is followed 
by a dark reaction which affects only the short wave-length part of the 
difference spectrum. The product of bleaching disappears from the suspension, 
so that finally there is a density loss throughout the visible spectrum. 

In this paper these results are analysed and compared with experiments on 

cell extracts. 

METHODS 

The sugar-flotation method used to prepare the suspensions of frog outer limbs, and the apparatus 
in which measurements of their light-transmission were made, have been previously described 
(Arden, 1954). In some experiments the outer limbs of the rods and cones were frozen-dried, and 
extracted with chloroform. Details of these experiments are given below. 


RESULTS 
Fig. 1 shows how the difference spectra of the suspensions altered after their 
exposure to light. 
Initial difference spectra 
The upper part of Fig. 1 shows the difference spectra obtained from five 
suspensions, where measurements were made on the suspensions immediately 
after exposing them for 10 min to white light. The abscissa of the figure 
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represents wave-length (in my), and the ordinate change in optical density 
as a percentage of the maximum. All the experiments were performed on 
suspensions which had been stored for less than 4 hr. The density measure- 
ments which were made in steps of 20 my from 380 to 600 my, took 20-25 min 
to complete. At wave-lengths longer than 520 my the difference spectra of 
the several experiments are identical, but at shorter wave-lengths they diverge. 
There is no systematic relationship between the pH of the suspending medium 
and the shape of the initial difference spectra. 
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Fig. 1. The difference spectra of fresh suspensions. x , pH 6-1; A, pH 6-65; O, pH 8-9; @, pH 6-5; 
+, pH 8-0. Uppermost part of figure—difference spectra immediately after exposure to 
light (initial difference spectra). At wave-lengths longer than 500 my, spread of results given 
by vertical line. Middle part of figure—difference spectra after dark reaction has reached com- 
pletion (final difference spectra). Lower part of figure—difference spectra of the dark 
reaction. 


Final difference spectra 
The middle part of Fig. 1 shows the difference spectra of the five suspensions 
after repeated measurements had shown that they had reached a steady state. 
This happened, in the various experiments, between 40 min and 3 hr after 
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the exposure to light. The agreement between the final difference spectra is 
much better than the agreement between the initial difference spectra and is 
within the experimental error. At no wave-length within the range considered 
is there an increase in density. 


Difference spectra of the dark reaction 

By subtracting the final from the initial difference spectra the difference 
spectra of the dark reaction may be obtained. This has been done in the 
lowest part of Fig..1. All the five difference spectra have been plotted as a 
percentage of the density change at 390 mp. Since the absolute changes in 
density are small, the percentage error attached to each point is higher than 
those in the upper parts of the figure. The curves have all the same shape; 
there is a maximum at approximately 390 mp which declines smoothly to 
zero at 520 mu. pH has no influence on the shape of the curves. 

In ‘the difference spectra of Fig. 1, the positive part of the difference 
spectrum represents the absorption of light by a substance which has been 
formed from the visual pigment. In the suspensions, this substance is unstable, 
and disappears. Since the five initial difference spectra are all drawn to the 
same scale, the difference in the heights of their positive ordinates indicat+s 
that the rate of disappearance of visual yellow varies from one experiment to 
another. The final difference spectra all have the same shape, so that whatever 
the rate of the reaction it reaches completion; all the visual yellow has dis- 
appeared, and therefore the final difference spectra have no positive portion. 

No matter how much of the visual yellow had disappeared before measure- 
ments were begun, the difference between the initial and final difference 
spectra was always of the same shape. Therefore only one process can occur in 
the dark reaction—the fading of visual yellow. 

These experiments also show that pH affects neither the rate of the dis- 
appearance of visual yellow nor the shape of its absorption band. 


Effect of storage on suspensions 

Fig. 2 shows the difference spectra of samples of the same suspension after 
storage for various periods. In the upper curve of this figure, the difference 
spectra of a fresh suspension have been plotted on a percentage scale. 

Immediately after bleaching, measurements were made from short to long 
wave-lengths and then back again. The return series of measurements do not 
lie on the same curve as the outgoing ones, for the return difference spectrum 
has no positive portion. A third series of measurements showed that the 
suspension had reached stability by the time that the return measurements 
were completed. 

The experiment shown below this was performed on another portion of the 
same suspension which had been stored at 2° C for 24 hr before being bleached. 
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The two difference spectra are more nearly alike than those in the upper part 
of the figure, for the return series give a difference spectrum which has a 
positive portion. The lowest difference spectrum was obtained from a portion 
of the suspension which had been stored for 24 hr at 20° C. The outward and 
return series both lie along the same curve. 

These experiments (which were repeated and confirmed) show that when 
a suspension is stored there is a decrease in the rate at which visual yellow 
fades, and the process fails to reach completion. After 24 hr storage at 20° C 


Stored 24 hr 


Density change as percentage of the maximum 


400 500 600 
Wave-length (my) 


Fig. 2. The effect of storage on the suspensions. Uppermost part of figure—the difference spectra 
of a sample of a fresh suspension. Middle part of figure—difference spectra of sample of the 
same suspension exposed to light after 24 hr storage at 2° C. Lower part of figure—difference 
spectra of another sample of the same suspension after 24 hr storage at 20°C. @, measure- 
ments made from short to long wave-lengths; (), ‘return’ series of measurements. 


_ Suspensions become stable when the positive ordinate is 50% of the negative 

one. After 3 days’ storage the visual yellow is completely stable and the 

negative and positive ordinates are then of appro—-~stely equal heights. 
The mechanism responsible for the fading of visual yellow is inactivated by 
heat. It is preserved longer when the suspensions are stored at 2° C than 
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when they are stored at 20° C. Heating a fresh suspension to 50° C for 30 min 
also slows the rate of breakdown of visual yellow, but it makes the suspensions 
unstable, and therefore the difference spectra cannot be measured accurately. 


Effects of fluoride ions on visual yellow breakdown | 
Since temperature affects the breakdown of visual yellow, an enzyme may 
_ be involved in the reaction. Experiments were performed in which an attempt 
was made to inhibit it. The left retinae of six frogs were treated in the usual 
way, while the sucrose used in making a suspension of the right retinae con- 
tained sodium fluoride to a concentration of 0-05 m. The suspensions were 
left for 2 hr and then measurements were made, first on the fluoride suspension, 
and then on the control. Fig. 3 shows the result. The rate of breakdown is 
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Fig. 3. The effect of fluoride ions on the dark reaction. @—@®, difference spectra of fluoride 
suspension; ©---Q, difference spectra of control suspension. (The outward and return 
series of measurements have not been given separate symbols.) 


slightly greater in the fluoride suspensions than in the other. This may well 
be because the control was necessarily bleached some 2 hr later than the 
fluoride suspension. 

Though in both the outward and return series of measurements there is 
a smaller contribution by visual yellow to the difference spectrum of the 
fluoride suspension, it is on the return series of measurements that the 
difference between it and the control is most marked. This might be expected 
if the difference in the rates of breakdown is maintained throughout the 
experiment. | 


- 


. 
Per 
i 
q 
| 
| 
g 


VISUAL YELLOW AND VISUAL WHITE 391 


The fate of the visual yellow 
When the density of a suspension was measured against a sucrose blank, 
measurements could be made in the ultra-violet region of the spectrum to 
wave-lengths as short as 330 my. At still shorter wave-lengths the suspensions 
became opaque. Such difference spectra are shown in Fig. 4. The upper curve 
in the figure is the difference spectrum of a fresh suspension. The density of 
the bleached suspension was measured | hr after it had been exposed to light. 
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Wave-length (my) 

Fig. 4. Ultra-violet difference spectra. Uppermost part of figure—difference spectrum of fresh 
suspension. ©, measurements made | hr after bleaching. Middle part of figure—difference 
spectra of another fresh suspension. ©, measurements made immediately after bleaching ; 
@, ‘return’ series of measurements. Lower part of figure—difference spectra of a 3-day-old 
suspension. ©, measurements made immediately after bleaching; @, ‘return’ series of 
measurements. 


The visual yellow has disappeared, but there is a gain of density in the further 
_ ultra-violet. Below this is the difference spectrum of another fresh suspension. 
In this experiment measurements were begun in the ultra-violet immediately 
after bleaching, and carried to the long wave-lengths. This difference spectrum 
has a positive limb, with a maximum at 390 mp, which shows that visual 
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yellow has been formed. When, one hour later, the absorption of the suspension 
was remeasured, the visual yellow had disappeared, and a new absorption band 
had appeared in the ultra-violet. The third difference spectrum of this figure 
is of a 3-day-old suspension. The two sets of measurements show that the 
visual yellow is now stable, and in the hour after bleaching there is no formation 
of any substance with an absorption band in the ultra-violet. 

These experiments show that visual yellow is transformed into another 
substance, visual white, which absorbs ultra-violet light. They do not, however, 
adequately characterize its absorption band. 


0 | L 
300 350 400 450 
Wave-length (my) 


Fig. 5. Absorption spectra of CHCl, extracts of suspensions. Curve A, extract made immediately 
after exposure of the suspension to light; curve B, extract made 1 hr after exposure of the 
suspension to light; curve C, absorption spectrum of the impurities. 


Carotenoids present in the suspension 

The carotenoids present in the visual cells were extracted at times when 
either visual yellow or visual white was present. 

A suspension, prepared from the retinae of nine frogs, was exposed to light, 
then diluted with Ringer-Locke and centrifuged. The outer limbs were spun 
down and the supernatant liquid removed. The cells were then frozen-dried, 
and extracted with 3 ml. of chloroform. The absorption spectrum of the 
extract is shown in Fig. 5 (curve A). 

It has a maximum at 390 my, characteristic of retinene. The same experi- 
ment was performed on another suspension, except that after exposure to 
light it was left for 1 hr before being centrifuged and frozen. The absorption 
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spectrum of the chloroform extract (curve B) has a maximum near 330 my, 
which is characteristic of vitamin A. In order to estimate the contribution of 
impurities to these absorption spectra, the retinal debris left after removal of 
the outer limbs was washed, frozen-dried, and extracted with chloroform. 
The absorption spectrum of this extract is shown in curve C. There is a 
steadily increasing absorption in the ultra-violet, with a small peak at 330 my. 
This peak is probably due to the presence of vitamin A which was extracted 
from cells other than the visual end-organs. The chloroform extracts were 
tested with antimony trichloride, and gave the unstable blue colour charac- 
teristic of carotenoids. 
DISCUSSION 


Wald & Hubbard (1949) have shown that pure solutions of retinene can be 
reduced to vitamin A by alcohol dehydrogenase. The hydrogens which are 
removed from the carotenoid are transferred to coenzyme 1. Wald obtained 
evidence that the reduced coenzyme was reoxidized by the operation of the 
glycolytic cycle. However, in the cell suspensions the rate of the reduction of 
retinene is not affected by the pH of the external medium, or by the presence 
of fluoride ions in it. The most likely explanation is that these cations and 
anions are unable to penetrate into the outer limbs. In a previous paper 
(Arden, 1954) it was shown that a hypertonic sucrose solution was unable to 
extract water from the outer limbs, and that the sucrose was unable to pene- 
trate into the outer limbs. All these results can be explained by supposing 
that the rod sheath is impermeable. 
Retinene or indicator yellow? 

When solutions of visual purple are exposed to light, indicator yellow is 
formed. If the solution is acid, the indicator yellow is unstable, and splits to 
form retinene and protein (Morton, Collins & Love, 1952). In the suspensions, 
the difference spectrum of the dark reaction always has a maximum at 390 mp, 
which is characteristic of the disappearance of retinene. It is therefore likely 
that inside the cells the bleaching of visual pigment liberates free uncombined 
retinene. 

Spectral sensitivity curves and the product of bleaching 

Indicator yellow in solution is stable, and it has been assumed that the same 
was true of the product of bleaching in the retina. This has led Dartnall 
(1948) and Talbot (1952) to suggest that the filter action exerted by the 
accumulated product of bleaching might account for the Purkinje shift. The 
present experiments indicate that such a mechanism does not in fact operate. 


Bleaching and regeneration of visual purple 
In fresh suspensions of outer limbs, all the retinene has been reduced to 
vitamin A 1 hr after exposure to light. This reaction will probably take place 
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even more quickly in the eye, for there the rods will be provided with meta- 
bolites, and will be completely undamaged. Zewi (1939) has shown that, at 
20° C, regeneration of visual purple in the frog’s eye is incomplete after 3 hr. 
There must therefore be some bottle-neck in the visual purple cycle. Wald & 
Hubbard (1952) have shown that bleached visual purple liberates the trans- 
isomer of retinene, but that cis-retinene only can be used in the resynthesis. 
Possibly the factor which limits the rate of regeneration is the speed with 
which the retina can accumulate the specially shaped form of vitamin A. 


Other experiments on rods 

Wald & Hubbard (1949) found that retinene was the only carotenoid that 
could be extracted from isolated rod outer limbs which had been exposed to 
light. This finding was unexpected, since Wald had previously found that in 
whole retinae, and retinal brei, retinene was reduced to vitamin A. It was 
explained by supposing that an essential part of the reduction system, co- 
enzyme I, leaked out of the rod outer limb after it had been broken off from 
the rest of its cell body. 

It is difficult to explain the discrepancies between Wald’s work and the 
present results: for the experiments described not only show that the outer 
limbs reduce retinene to vitamin A, but also indicate that even the simplest 
substances penetrate and leave the rod very slowly indeed. 

It might be that the sucrose used in the present experiments actually sealed 
off the outer limbs. This may in part be true, since it is unlikely that they are 
so isolated in life as they are in the suspensions. However, the detached outer 
limbs were always washed in Ringer-Locke for at least 20 min before treat- 
ment with sucrose, Wald found that outer limbs formed no vitamin A at all; 
in this case the leakage process that he postulates must be very quick, and 
reach completion in a much shorter period than 20 min; therefore the treat- 
ment with sucrose cannot account for the difference between Wald’s results 
and those described above. 

Wald does not state how he prepared his suspensions. He may have used 
alum-hardened or stored retinae in his experiments, in which case one would 
not expect much enzymic activity to remain in the outer limbs. A more 
probable explanation is provided by the variation in enzyme activity found 
in the present work. In general, the activity was lowest in the earlier suspen- 
sions, when the preparation was more clumsily performed. One method Wald 
used to separate outer limbs was to filter retinae through cheese-cloth. The 
resultant trauma to the rods might have abolished their enzymic activity. 
Another possibility is that sometimes the outer limbs have a very low enzymic 
activity. In this case, Wald’s experiments are quite atypical since, when 
detached outer limbs are viewed under the microscope, the fading of visual 
yellow can always be observed. | 
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SUMMARY 


1. 
free retinene is formed. 

2. This retinene is then reduced to vitamin A. 

3. This second reaction is unaffected by the composition of the suspending 
medium, 

4. It does not occur in stored suspensions. 


Thi work was done while I held « scholarship from the Medical Research Council, whose support 
I should like to acknowledge. 

I should like to thank Mr G. R, Wright, Mr A. Church, and Mr N. A. L. Roberts for their 
help in the construction of apparatus, and all the members of the Group for Research in the 
Physiology of Vision, especially Dr H. J. A. Dartnall, for encouragement, advice and criticism. 


REFERENCES 
pom, @. (1954). Light-sensitive pigment in the visual cells of the frog. J. Physiol. 123, 
377 


re nae (1948). Visual purple and the photopic luminosity curve. Brit. J. Ophthal. 

176, 257-— 

Ktunz, W. (1878). The Photochemistry of the Retina, ed. Foster, M. London: Macmillan. 

ee set F. D. & Lovs, R. M. (1952), The preparation of rhodopsin. Biochem. J. 
51, 


Tarzot, 8. A. (1952). Recent concepts of retinal color mechanism. II. Contributions from 
anatomy and physiology. J. opt. Soc, Amer. 41, 918-040. 


Wap, G. (1935). Carotenoids and the visual cycle. J. gen. Physiol. 21, 331-368. 
Waxp, G. & Huszarp, R. (1949). The reduction of retinene to vitamin A in vitro. J. gen. Physiol. 
82, 367-389. 


Wap, G. & Hupsparp, R. (1952). Cis- and trans-isomers of vitamin A and retinene in the 
rhodopsin system. J. gen. Physiol. 36, 269-313. 
Zewti, M. (1939). Regeneration of visual purple. Acta Soc. Sci. fenn. B, 1, 1-56. 


1 
4 
- 
‘ 
| 
| 
¥ 
. 


J. Physiol, (1954) 123, 396-408 
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In a previous paper (Arden, 1954) a method was described for preparing, from 
frog retinae, visual end-organ suspensions which were suitable for spectro- 
photometric analysis. 

While the absorption maximum of the visual pigment which can be extracted 
from the outer limbs of the rods and cones of the frog is at 502 mp (Lythgoe, 
1937), that of the pigment in the suspended cells lies at 510 my. 

This difference might be an artifact produced by the methods employed in 
the experiments: or it might be due to the presence in the outer limbs of 
another pigment, which is absent from visual pigment solutions. 


The experiments described below were performed in an attempt to decide 
between these two hypotheses. 


METHODS 


The apparatus and methods which were used in this investigation were described in a previous 
paper (Arden, 19544). The retinae of dark-adapted frogs were shaken in 35%, sucrose solution, 
and the suspension centrifuged. The supernatant liquid contained the outer limbs of the rods and 
cones. On some occasions, which are described in detail below, 14% (w/v) Dextran in frog 
Ringer-Locke solution was used as an alternative suspension medium. The suspensions were 
examined in a spectrophotometer which was designed so that as little light as possible passed 
through the light-sensitive cells. 

In all experiments measurements were made of the ratio of the intensities of the light trans- 
mitted by two portions of the same suspension, only one of which had been exposed to light. In 
this way, accurate difference spectra of the visual pigment present in the outer limbs could be 
obtained, even though it was responsible for only a very small part of the high optical density of 
the suspensions. 

The suspensions were bleached by exposure to white light, or to monochromatic light. In the 
former case the absorption cell was placed for 10 min in the focused spot of a galvanometer lantern 
(4V, 8A). In the latter case, the cells were left in the spectrophotometer, and the slits of its 
monochromator were opened till light of the required intensity passed through the suspension. 
The band-width of the monochromator, when used for bleaching, was 10 mp at 480 mp, and 
20 mp at 580 mu. 
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RESULTS 
Posswble artifacts due to the methods employed 

The effect of sucrose on solutions of visual purple 

To check the possibility that the sucrose in which the outer limbs were 
suspended might alter the visual purple chromophore, a sucrose suspension was 
diluted with Ringer-Locke solution, and centrifuged. The outer limbs fell to 
the bottom of the centrifuge tube. The supernatant solution was removed, the 
cells washed with Ringer, and then treated with 2% digitonin. The resulting 
visual purple solution was centrifuged, and sucrose added to it to make a final 
concentration of 40°, (w/v). The lowest curve of Fig. 1 shows the difference 
spectrum of this ‘sucrose solution’. It has a maximum at 504 my, and is 
exactly the same as the difference spectrum as reported by other workers. This 
shows that visual purple im solution is not affected by sucrose. 


The effect of altering the suspension medium 

However, sucrose might affect the visual purple indirectly through its action 
on some other cell constituent. To discover if this was the case, a sucrose 
suspension was diluted and centrifuged as described above. The supernatant 
was removed, and the cells shaken up in Dextran solution. The outer limbs are 
denser than the Dextran, and therefore sink: but since Dextran solutions are 
very viscous, the cells settle so slowly that the suspension is sufficiently stable 
for difference spectra of the visual pigment to be measured. The difference 
spectra of a Dextran suspension are shown in the centre of Fig. 1. Within the 
limits of the experiment, the difference spectrum is the same as that of the 
sucrose suspension itself and has a maximum at 510 my. 

A more rigid experiment was to make a suspension without using sucrose at 
any stage, but this was difficult to perform. Retinae were dropped straight 
into Dextran solution, and gently shaken. Outer limbs, cells of the pigment 
epithelium, and other cell types were thus detached from, the retina. This 
suspension was pipetted off, and put into the absorption cells. It contained 
clumps of cells, which sank fairly rapidly through the Dextran: this made the 
suspension extremely unstable. 

So that an allowance could be made for this, measurements were made in 
10 my steps from 480 to 580 mu. This took 10 min. After a pause of 10 min, 
the measurements were repeated, and then one cell was exposed for 10 min to 
the bleaching light. The light transmitted by the bleached suspension was then 
remeasured, Two difference spectra of the visual pigment present in the 
suspension were thus obtained, which differed only in the fact that in one, the 
measurements taken before and after bleaching were made 40 min apart, while 
in the other they were made 20 min apart. They are plotted together in the 
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upper part of Fig. 1. Although instabilities distort the difference spectra, they 
do not greatly affect the position of the maximum, which in both cases is at 
510 my, like that of the sucrose suspension. If the suspension medium affects 
the absorption band of the visual pigment present in the outer limbs, then 
sucrose and Dextran affect it in the same way and to the same extent. This is 


Dextran suspension 
of retinal 
50 + fragments 


100 


fo) 


Dextran suspension 


Density change (% of max.) 


Wave-length (my) 


Fig. 1. The effect of the suspension medium on difference spectra. Uppermost part of figure: 
difference spectra of a suspension made with Dextran. ©, measurements made 20 min before 
bleaching; @, measurements made 10 min before bleaching. Middle part of figure: difference 
spectra of a suspension resuspended in Dextran. ©, initial difference spectrum (outward 
measurements); @ and @, final difference spectra (return measurements). Lower part of 
figure: difference spectrum of a digitonin solution of outer limbs to which sucrose has been 
added. ©, initial; and @, final difference spectrum. 


unlikely, since Dextran, a high molecular weight polysaccharide, is chemically 
inert and has a very low osmotic pressure. It is therefore probable that the 


510 mp» maximum of the pigment present in the outer limb suspensions is not 
due to an alteration in the visual purple chromophore. 


Evidence for the presence of a second pigment 
Partval monochromatic bleaches 
If the cell suspensions contain, in addition to visual purple (max. 502 my), 
another pigment with a maximum at longer wave-lengths, it should be possible 
to separate the two by partially bleaching the suspension with monochromatic 
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light (Dartnall, 1952). In fresh suspensions, the visual yellow is unstable, and 
therefore the shape of the difference spectra obtained depends on how soon 
measurements are made after the suspensions have been exposed to light. 
Since in these experiments the exposure to monochromatic light varied from 
45 min (530 my) to 120 min (480 my), they were performed on suspensions 
which had been stored for 3-10 days, and in which the product of bleaching 
was stable (Arden, 19546). The difference spectra which were obtained were 
therefore reproducible. Like those of visual pigments in solution, their shape 
did not depend on the rate of bleaching. 


qT 


Wave-length (my) 


Fig. 2. The partial monochromatic bleaching of a cell suspension. ©, initially; @, 15 hr later; 
@, after 90 min exposure to light of wave-length 580 my; @, after exposure to white light. 


Fig. 2 shows a typical experiment. Two absorption cells were filled with 
samples of the same suspension, which had been stored at room temperature 
in the dark for 3 days. The difference in the light transmitted by the two was 
measured. These measurements are represented by the hollow circles (©) of 
Fig. 2. Fifteen hours later, the measurements were repeated. There was only 
& small change in the relative opacities of the two samples (@). One cell was 
then exposed to light of dominant wave-length 580 my for 90 min, and the cell 
difference again measured (@). The difference spectrum of the pigment bleached 
by the orange light had a maximum at 512 mp. The cell was then taken out of 
its holder, and the remaining pigment completely bleached by a 10 min 
exposure to white light. The difference in density between the two cells was 
then represented by the full circles (@), and had a maximum at 510 mp. The 
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difference spectrum of the second bleach therefore had a maximum at 508 my. 
This experiment indicates that there is more than one light-sensitive pigment 
in the cell suspensions. One, which is more sensitive to orange light, has a 
maximum absorption at wave-lengths longer than 510 mp, and the other, 
which absorbs maximally at shorter wave-lengths than this, is probably visual 
le. 

Buch experiments were performed at four wave-lengths, 480, 530, 580 and 
620 mp. In one experiment a suspension was exposed to light of wave-length 
630 my, but after 10 hr only an insignificant amount of bleaching had taken 
place. At 620 my, bleaching was slow. Although the pigment was destroyed, 
the difference spectra of the monochromatic bleaches were unreliable, since 
the rate of change of density due to the exposure to light was of the same order 
as that due to adventitious causes. 

Fig. 3 shows the results of all the partial bleaches. The full curve is in each 
case the grand mean of all the difference spectra, ‘white’ and monochromatic. 
The experimental points are not shown, but they all lie on the curve. In the 
top left-hand part of the figure, this curve is compared with the mean of six 
bleaches with 480 my light, which is shown by the series of dots. The two 
curves have the same shape. To the right of this, the difference spectra of the 
white bleaches after 480 my bleaches are compared with the full curve, and 
again there is agreement between the two sets of data. However, in the three 
experiments performed with light of wave-length 530 my, the difference 
spectra are shifted to longer wave-lengths than the ‘grand mean’ difference 
spectrum, and the mean of the subsequent white bleaches has a difference 
spectrum shifted in the reverse sense. The same is true of experiments with 
light of dominant wave-length 580 my, but here the shift is not so marked, 
both in the monochromatic and in the white after-bleaches. 

When the suspensions were exposed to light of wave-length 620 my, the 
pigment bleached so slowly that the instabilities obscured the shape of the 
difference spectra, but the remaining pigment could be quickly bleached by 
exposure to white light. In the bottom part of Fig. 3 the mean difference 
spectra of four such experiments are compared with the grand mean difference 
spectrum. In these experiments half the visual pigment in the suspensions had 
been bleached by exposure to light of wave-length 620 my for 15 hr before the 
exposure to white light. The difference spectra were in all cases shifted to 
longer wave-lengths than the grand mean difference spectrum. This is a shift 
in the reverse sense to that shown by white bleaches after exposure to light 
of 530 and 580 my. | 

These experiments show that the course of bleaching varies with the wave- 
length of the light to which the outer limbs are exposed. The changes in shape 
of the difference spectra are small, but they are systematic, and occur in every 
experiment. The difference spectra of the white after-bleaches are shifted in the 
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reverse sense to those of the monochromatic bleaches which preceded them. 
For example, the difference spectrum of the bleaches with light of wave-length 
530 mz has a maximum at 518 mp, while the maximum of the difference 


Monochromatic White 


Density change 


500 600 
Wave-length (mys) . 

Fig. 3. Summarized results of all the partial bleaches. The full line is in each case the mean 
difference spectrum of all the partial bleaches, white and monochromatic. A: @, on the left, 
mean difference spectrum on bleaching with monochromatic light, wave-length 480 my; and 
on the right, mean difference spectrum on after-bleaching with white light. B: @, the same, 
but for monochromatic light of wave-length 530 my. C: @, the same, but for monochromatic 
light of wave-length 580 my. D: @, white light bleaches following exposure to light of wave- 
length 620 my. 


spectrum of the subsequent white bleaches is at 504 my. When the two sets of 
difference spectra are summed, the resultant lies along the line of the grand 
mean difference spectrum. This means that exposure to monochromatic light 
does not alter the pigment, but merely reveals an inhomogeneity. 

When the suspensions were exposed to light of wave-length 530 mp, the 
long wave-length component bleached more quickly than the other, and the 


difference spectrum of the subsequent white bleach resembles closely that of 
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visual purple. The second component must therefore be much more sensitive 
to light of wave-length 530 my than is visual purple. The experiments in which 
the suspensions were exposed to light of other wave-lengths show how the 
relative sensitivities of the two pigments vary with wave-length. At 480 my, 
both have equal sensitivity: at 530 mu, the second pigment is more sensitive 
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Fig. 4. Difference spectra of suspensions after the addition of digitonin. ©, immediately after 
adding digitonin ; —, mean difference spectrum of the suspensions; @, 2 hr after the addition 
of digitonin ; - - -, difference spectrum of visual purple in solution. 


450 


than visual purple. This is also true for 580 my, but the ratio of the sensitivities 
is smaller. At 620 mp, the second component is less sensitive than visual 
purple, since the white after-bleaches reveal that exposure to light of this 
wave-length has left a mixture richer in the second component than the 
Destruction of cells in the suspensions 

_ When a 2% solution of digitonin is added to a cell suspension, the outer 
limbs are at once destroyed, and the density of the suspension decreases. The 
cell fragments which are left do not float in the sucrose, and the suspension 
becomes photometrically unstable. Fig. 4 shows the difference spectrum of 
a suspension after the addition of digitonin. The hollow circles (©) represent 
measurements made within 30 min of adding digitonin. They are compared 
with the difference spectrum of a sucrose suspension (full line curve). The full 
circles (@) represent measurements taken 2 hr after adding digitonin. The 
dashed curve represents the difference spectrum of visual purple in solution. 
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In the 1} hr between the two experiments, the maximum of the difference 
spectrum of the pigment present in the suspension has altered from 510 to 
502 my: the amount of pigment present has also decreased. In the first experi- 
ment the density change at 500 my which occurred on bleaching was 0-2955, 
while after 2 hr it was only 0-2653. This means that after the outer limbs were 
lysed by the digitonin, the second pigment present in them was quite rapidly 
destroyed. 


DISCUSSION 


The experiments reported in the first part of the Results section show that the 
510 mp maximum of the difference spectrum of the visual pigment present in 
the outer limbs is not an artifact produced by the suspension medium; the 
experiments described in the second part show that a second pigment is 
present in these cells, which could account for this maximum. There are, how- 
ever, other ways, not easily amenable to direct investigation, in which the 
difference spectra of the suspensions might be distorted by artifacts. These 
are discussed below. 


Artifacts due to the use of difference spectra 

Though the absorption spectrum of visual purple has a maximum at 502 my, 
the difference spectrum maximum can, in acid solutions, be at as long a wave- 
length as 510 my, owing to the interference between the absorption bands of 
the pigment and its bleached product, indicator yellow. This effect cannot 
explain the maximum of the pigment present in the suspension, which 
remained at 509-510 my after all the product of bleaching had disappeared 
(Arden, 1954a, 6). 

Light scattering and the difference spectra 

Though the suspensions scattered light strongly, if the scattering was 
unaffected by exposure to light, this would not have affected the difference 
spectra. However, some part of the light scattering might have altered when 
the visual pigment bleached. It is unlikely that this did occur, since when 
digitonin was added to a cell suspension the cells dissolved at once. The 
difference spectrum maximum only gradually altered from 510 to 502 mp. 

The change in the scattering picture which occurred when the cells broke up 
was very great; but this did not by itself affect the difference spectrum 
maximum, 

The second pigment present in the cell suspensions 

The monochromatic bleaches show that the cell suspensions contain two 
visual pigments, one of which absorbs maximally at wave-lengths shorter than 
510 my and is probably visual purple. The other, which absorbs maximally at 
a wave-length longer than 518 my, does not behave in the same way as do the 
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other known visual pigments. These all have similarly shaped broad absorption 
bands, so that a mixture can be separated by exposing them to light of long 
wave-length, to which only one pigment of the mixture is sensitive. In the 
suspensions, on the other hand, though the second pigment is more sensitive 
to green light than is visual purple, red light preferentially bleaches out the 
latter. Therefore the second pigment must have an absorption band which is 
narrow in comparison with that of visual purple. This makes it difficult to 
separate the two pigments; for though light of wave-length 620 my bleaches 
out visual purple and leaves the second pigment, the rate of bleaching is very 
slow. With the apparatus available, cells decomposed before the process was 
complete. 

Even though the partial bleaches did not achieve a complete separation of 
this second pigment, they provided information about its behaviour. In the 
530 and 580 my bleaches, the maximum of the difference spectrum was shifted 
to wave-lengths longer than the grand mean difference spectrum, as was the 
isosbestic (cross-over) point. Therefore, the second pigment must, like the other 
visual pigments, form a bleached product which absorbs maximally at shorter 
wave-lengths than the parent pigment. The product of bleaching cannot be 
retinene. 

Since visual purple and the second pigment are equally sensitive at 480 my, 
and the second pigment is more sensitive than visual purple at 530 my, it 
must, at its maximum, be more photosensitive than visual purple at 502 my. 


Derwation of the absorption spectrum of the second pigment 

When a fresh suspension of outer limbs is exposed to light the visual pigment 
bleaches, and then the yellow-coloured product of bleaching fades. When it has 
done so, the change in the density of the suspension is due solely to the destruc- 
tion of the visual pigment, and is therefore equivalent to an absorption 
spectrum (Arden, 19546). The absorption spectrum of the suspension is the 
composite absorption spectrum of visual purple and the second pigment. 
Since the absorption spectrum of visual purple is known, the absorption 
spectrum of the second pigment can be calculated if the relative proportions 
of the two pigments are known. Fig. 5 shows how this can be done. 

The full line curve in the upper part of the figure is the mean absorption 
spectrum of the two pigments in the suspension, redrawn from a previous 
paper (Arden, 19546). The dashed curve represents the estimated contribution 
of visual purple to this combined absorption spectrum. This contribution is 
not precisely known; the following facts were taken into account in making 
the estimate: 

(a) The partial bleaches show that the maximum of the second pigment 
must be at a longer wave-length than 518 my. 

(6) When the suspensions were lysed with digitonin, the density of the visual 
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ent decreased by 10% at 500 my, while the difference spectrum shifted 
from 510 to 502 my. The second pigment therefore contributes about 10%, to 
the density change at 500 my. 
(c) In one experiment, when a suspension was exposed to 530 my light for 
40 min, 47% of the pigment bleached. The suspension was then exposed to 
the green light once more. This time, the pigment that was bleached had a 
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Fig. 5. The absorption spectrum of the second pigment. Upper half of the figure: O-—O, mean 
final difference spectrum of the suspensions; +- - - +, estimated absorption of visual purple 
in the suspensions. Lower half of the figure: @, estimated absorption spectrum of second 
pigment (density 11% of total at 500 mu); @, another estimated absorption spectrum of 
second pigment (density 19% of total absorption); ©), sensitivity curve of the frog's green 
modulator (Granit, 1947). 


maximum near 504 my—i.e. it was Sa visual purple: 40% of the 
remaining pigment bleached, as a subsequent white bleach showed. The first 
530 mu bleach removed a greater proportion of the visual pigment (visual 
purple and the other) than the second, in which visual purple alone bleached. 
The excess may have been due to the bleaching of the second pigment. If this 
is the case, then the second pigment contributes about 8% of the total density 
change. This estimate is probably too low, since not all the second pigment was 
destroyed by the first 530 my bleach. 

The visual purple curve in Fig. 5 is placed so that the contribution of the 
second pigment to the absorption spectrum of the suspension is 11% of the 
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total at 500 my. In the lower half of the figure the difference between the two 
curves in the upper half is shown, plotted as a percentage of the maximum (@). 
It represents the estimated absorption spectrum of the second pigment. 

At wave-lengths shorter than 460 mp, the second pigment does not absorb 
at all. This suggests that the assumption made in deriving the curve is true, 
since it is unlikely that the visual purple absorption spectrum would at short 
wave-lengths be of exactly the same shape as the absorption spectrum of the 
suspension. Only if the second pigment does not absorb any light at short 
wave-lengths is the similarity of the shapes of the absorption spectra readily 
understandable. 

If the absorption spectrum of the second pigment is represented by (@) in 
the figure, then the ratio visual purple: second pigment is 4:1, and its contribu- 
tion to the density change at 500 my is 11%. The arguments developed above 
show that this is approximately the right amount. 

If any other assumption is made then a different absorption spectrum can 
be calculated for the second pigment. The half-filled circles (@) of Fig. 5 were 
calculated on the assumption that the ratio of visual purple: second pigment 
was 3:1. In this case the second pigment contributes 19% to the density 
change at 500 my, about twice the figure found by experiment. It is therefore 
likely that (©) and (@) represent the outside estimates of the absorption 
spectrum of the second pigment. Both absorption spectra have approximately 


the same shape, especially at long wave-lengths, where they are almost 
identical. 


Comparison with electrophysiological data 

A number of visual pigments have now been characterized. They all belong 
to the same class of substances, and have broad similarly shaped absorption 
spectra (Dartnall, 1953). The second pigment found in the outer limb 
suspensions has, in comparison, a narrow absorption band and cannot belong 
to the same family of pigments. Although no narrow-band pigments have 
been described, Granit has recorded responses from certain elements of the 
retina which have narrow-band sensitivity curves. They can only be recorded 
from the light-adapted eye and Granit, who calls them modulators, believes 
that they are connected with colour vision. In Fig. 5 Granit’s mean data for 
the sensitivity curve of the frog’s green modulator (Granit, 1947) are plotted 
as large open circles. The agreement of these data with the absorption 
spectrum of the second pigment in the outer limbs is well within the error of 
Granit’s and the author’s experiments. It is therefore very probable that the 
second pigment present in the suspensions plays a role in daylight vision. If 
this pigment does not have any visual significance, it is difficult to imagine 
what its function might be, for it is so ge suena that when light enters 
the frog’s eye it will be destroyed at once. 


be 
ou 
in 

| vo 
pig 

in 

Cc 

| 


A NARROW-BAND PIGMENT 


Location of the second pigment 

The difference spectra of the various suspensions always had the same 
maximum. Therefore, the second pigment must be contained in a cell which 
behaves in the same way towards sucrose as the visual purple-containing rod 
outer limb. The frog has a large number of cones, whose outer limbs also float 
in sucrose. However, the cone outer limbs are very small, and the ratio of 
volumes of rods and cones is at least 100:1 (cf. Walls, 1942). If the second 
pigment found in these suspensions is contained in the cones, the density of 
visual pigment in the cones would have to be 25 times that of the visual purple 
in the rods. If the narrow-band pigment is responsible for the sensitivity 
curve of the green modulator, it is possible that ‘céne-like’ responses can be 
obtained from receptors which anatomically resemble rods. 


Destruction of the second pigment 

When the outer limbs are broken up with digitonin, the narrow-band 
pigment is destroyed, and the difference spectra become like those of visual 
purple in solution. This would explain why this pigment has not been found 
before. Small quantities of it may be present in visual] purple solutions, but an 
extremely careful analysis would be necessary to demonstrate its presence. 
Some experiments reported by Chase (1938) are interesting in this connexion. 
Chase made very dense solutions of frog visual purple, and measured their 
absorption spectra before and after bleaching with light of wave-length 
680 mu. This was done as soon as possible after making the solution. The 
difference spectrum had a narrow peak at 530 my, which Chase s was 
due to the bleaching of iodopsin. The narrow difference spectrum (which is 
quite unlike that of iodopsin) indicates that the pigment could not, if itexisted, 
have been affected by deep red light. It is possible that in fact, Chase recorded 
the spontaneous breakdown of traces of the second pigment which is present 
in the outer limb suspensions. 


SUMMARY 


1. Suspensions of the outer limbs of the frog’s retinal rods and cones contain 
at least two pigments. 

2. One of these is visual purple, the other is a narrow-band pigment whose 
absorption maximum is at 535 my. 

3. This pigment is more light sensitive than visual purple. 

4. The shape of its absorption spectrum suggests that it could account for 
one of the sensitivity curves obtainable from the eyes of light-adapted frogs. 

5. It is unlikely to be contained exclusively in the cones. 


This work was done while I held a scholarship from the Medical Research Council, whose 
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THE SPECTRAL SENSITIVITY OF LIGHT-ADAPTED CATS 
By RALPH GUNTER* 


From the Group for Research in the Physiology of Vision, Institute of Ophthal- 
mology, Judd Street, London, W.C.1, and Neuropsychiatric Research Centre, 
Whitchurch Hospital, Cardiff 


(Received 29 September 1953) 


All the available evidence indicates that colour vision is a photopic function 
and as such dependent on cone activity. Thus, Granit (1942) finds on the basis 
of his electrophysiological studies that animals with good colour vision always 
have a broad dominator band of spectral sensitivity. 

If a retina containing a sufficient number of cones is light-adapted, then the 
spectral sensitivity of most of the elements is shifted towards the red end of 
the spectrum. Such work has been reported by Honigmann (1921) on the hen, 
by Grundfest (1932) on the sun-fish, by Brecher (1936) on the monkey and by 
Brown (1937) on the rabbit. 

For the cat, an animal which, according to Walls (1942), has a very respect- 
able number of cones in its retina, Granit (1943) found that only 36% of the 
retinal elements investigated showed a Purkinje shift. Physiological studies 
involving the whole eye have not, so far, shown such a shift of spectral sensi- 
tivity on changing from scotopic to photopic levels of adaptation. 

The present experiment was designed to determine—by a behavioural 


_method—the spectral sensitivity of the cat under conditions of light-adapta- 


tion. Furthermore, previous work on the spectral sensitivity of the dark- 
adapted cat (Gunter, 1952) by a method of behaviour has shown the maximum 
of sensitivity to lie in the blue-green region of the spectrum and to agree well 
with the electrophysiological data obtained by Granit (1943) on thesame species. 

It would be of interest to determine if such agreement between the two 
methods extends over into the photopic range. 


METHOD 


With minor modifications, the same apparatus as described previously (Gunter, 1951) was used 
again, and a similar method was employed as in earlier experiments on dark-adapted cats (Gunter, 
1952). For these reasons only the briefest description will be given here. 

* Present add R h Laboratories of Neurophysiology, 200 Retreat Ave., Hartford, 
Connecticut; and Department of Physiology, School of Medicine, Yale University, New Haven, 
Connecticut. 
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Discriminati 

The hungry animal is released from the restraining compartment, runs forward and faces two 
doors, one on either arm of the Y. In the middle of each door is a 3 x 3 in. opal glass panel sur- 
rounded by white material of high reflecting power. The stimulus panel in one door is illuminated 
by white light of constant intensity, while the other glass panel bears the variable spectral stimulus. 
The animal signifies its choice by pushing open one of the doors to obtain its reward. 


Controls 


Equality of olfactory stimulation was ensured by leaving food behind both doors. The light- 
tightness of the apparatus was checked by the use of bromide paper, as in the previous 


All animals were light-adapted for at least 30 min—either in daylight or under high intensity 
illumination in the laboratory—before the start of the experiment. The discrimination box was 
illuminated along its length by a row of six 100 W lamps and one 300 W lamp suspended above 
the restraining chamber to which the animals were returned after each run. By these means 
light-adaptation was ensured for the animals for the whole of the experimental session. The 
arrangement used in the scotopic experiment by which the opening of the door by the animal 
caused the stimulus light to be switched off, was disconnected, so that the animals consumed their 
reward in the light beam from the source. 


Control of pupil size 
The high levels of light-adaptation used in these experiments produced a contraction of the 
animal's pupil to a narrow slit. In order to test whether a greater amount of light entering the 
eye would materially affect spectral sensitivity, the experiments were repeated with the pupil 
artificially dilated by means of three drops of a 1 % solution of homatropine given 15 min prior to 
the experiment. No significant differences in sensitivity between the treated and untreated groups 
were observed. 


Optical system and control of voltage 

The only change in this system, as compared with that used in the scotopic investigations, 
consisted in the substitution of a 250 W 230 V pre-focus projector lamp for the low wattage car 
lamps. 

To ensure that the lamps were run at their rated voltage, the 230 V 50-cycle mains supply was 
stabilized by means of a constant voltage stabilizer, followed by a variac transformer. In the 
latter part of the experiment, this system was changed for a Westinghouse Stabilistor Unit which 
. compensated for both voltage and frequency fluctuations. 


The stimulus 

Eight spectral regions were isolated by means of calibrated Ilford spectrum filters nos. 601-608 
placed into the beam of the source. These stimuli were projected on to the stimulus panel which, 
for these experiments, had a white surround. The stimulus intensity could be varied by means of 
Ilford neutral density filters. Their total transmission was determined under conditions of use in 
the experimental apparatus, 

The constant white light stimulus was obtained directly from the source, and the required 
intensity level of 0-53 f.c. (measured at the stimulus panel) was obtained by means of neutral 
density filters and small adjustments of the iris diaphragm. The spectral characteristics and the 
amount of radiant energy at the stimulus panel are therefore a function of the spectral energy 
distribution of the light source, the transmissivity of the spectrum filters used, and the transmis- 
sion characteristics of the various parts of the optical system. 
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Procedure 


The procedure was essentially similar to that used in the scotopic investigation, and the same 
four cats were used again. These animals had been trained to discriminate between stimulus 
lights of different intensities and they would consistently choose the dimmer of two white light 
stimuli presented simultaneously. 

If now the bright white light is replaced by a filtered spectral light, such that to the human 
observer it seemed much brighter than the white light on the other stimulus panel, the cats would 
consistently reject it, independent of its colour. If, by means of neutral density filters, the in- 
tensity of the spectral stimulus was decreased, so that to the human observer it now seemed 
dimmer than the opposing white light stimulus, the cate would consistently choose the spectral 
stimulus, independent of ite colour. The distribution of responses to the spectral variable stimulus 
thus varied from 100% success to complete failure in any fixed number of trials in a series. From 
the distribution of responses it seems reasonable to infer that brightness and not colour is the 
determining parameter for the cat’s trained behaviour. If it is assumed that colour is quite 
without effect in the responses of the animal, then, when the cat responds an equal number of 
times in a fixed number of trials to the coloured and the white light stimulus, it may be assumed 
that—to the cat—both light stimuli appear equal in brightness. It was the aim of this investiga- 
tion to determine the relative amounts of spectral energy at which this judgement of subjective 
equality in brightness between the variable coloured and the constant white light stimulus was 


Two intensity levels of the variable stimulus were selected daily and the response of the animals 
to these stimuli was determined. Twenty observations were recorded for each intensity level and 
the response to approximately ten levels constituted a series. Five of such series, consisting of 
approximately 1000 trial runs were determined for each animal, and the spectral energy of the 
variable stimulus at the 50% point of subjective equality (P.s.z.) to the constant stimulus was 
computed for the eight spectral regions. The relevant data for all four animals were pooled so that 
the relative spectral energy at the P.s.x. for each of the spectral regions explored was obtained 
from approximately 4000 observations. | 

The complete ease with which the animals transferred their responses from one spectral stimulus 
to any other, lends weight to the assumption that the discriminations were based on differences in 
brightness and not in colour. 

Before the daily test trials the animals were given ten training runs using stimuli with large 
intensity differences, and consistent 100% correct responses to the darker of the two stimuli had 
to be given before the test runs (spectral versus white light) were started. The results of these 
training runs are not included in the computation of the final data. In these runs only the low 
intensity stimulus was baited, while in the test runs the animals obtained food at either stimulus. 
It was hoped, by this procedure, to eliminate the interference of the experiment with the test 
observations. 

The positions of the two stimuli were changed in random order; the only exception was made 
when, in a difficult discrimination, an animal lapsed into the position habit; i.e. whenever an 
animal selected the same side successively 5 times in twenty trials, the results were discarded and 
the animal retrained. Position habits occurred rarely, due, it is thought, to the fact that in the 
test trials the animals obtained food with both stimuli, so that in a difficult discrimination between 
two intensity levels which appeared almost equally bright to the animal, frustration and psycho- 
logical conflict were avoided. . 


RESULTS 
The experimental data were treated by the method of ‘Probit Analysis’ for 
the reasons stated in an earlier paper (Gunter, 1952). 
In the present experiment a modified form of this method (Litchfield & 
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Wilcoxon, 1949) was used to determine the relative amounts of spectral energy 
to which the animals responded 50°%, of the time, and these spectral energy 
values can therefore be taken to be of the same brightness to the animal as 
the intensity of the constant white light stimulus. Such points of subjective 
equality were obtained for the eight spectral regions isolated by the filters, and 
different values were obtained for each spectral region, thus affording a measure 
of the animal’s relative spectral sensitivity. 

The values thus obtained apply only at the cornea. In order to determine 
the relative amounts of energy at the retina the data were corrected for 
absorption by the pre-retinal media (Roggenbau & Wetthauer, 1927), and 
converted to a spectrum of equal quantum intensity. The reciprocals of these 
values were then plotted against the wave-length of maximum transmission of 
the respective colour filters. The plotted sensitivity values thus describe the 
variations in the reciprocals of relative energy required for a constant response 


as a function of wave-length. Fig. 1 shows a comparison of such data with the 
scotopic sensitivity curve. 


DISCUSSION 


An inspection of the photopic data shows that there are two regions of maximal 
sensitivity—one region being isolated by the blue filter (Ama, 7. 470m,) the other by 
the yellow-green filter (Ama, 7. 55¢m,)—the sensitivity to green being almost as 
high as the maximum at Ay7om,,- Whereas the spectral sensitivity curve of the 
dark-adapted animals was found to be of a shape similar to the visual purple 
absorption curve, the present spectral sensitivity curve for the light-adapted 
animals is of a sufficiently different character to warrant the assumption of 
cone activity. The two maxima around Agom, and As55m, make it appear that 
extensive light-adaptation has not succeeded in producing a complete Purkinje 
shift of the whole eye, but has resulted in a marked secondary hump of high 
sensitivity in the region of maximum sensitivity of the photopic dominator as 
found in the cone-rich eye. Granit (1943) quotes Murr (1932) as having found 
a small Purkinje shift on light-adaptation in the cat by behavioural method. 
The importance of this finding is, however, slightly influenced by certain 
criticisms pertaining to Murr’s scotopic data for the same animal (Gunter,1952). 

By means of electrophysiological technique, Granit (1947) examined the 
photopic spectral sensitivity of rat, cat and guinea-pig. Only in the cat did he 
find a Purkinje shift, and that only in 36% of the units investigated. Light- 
adaptation did not push the maximum of the remaining 64% of the elements 
above Asaom, These curves, however, all showed a secondary maximum at 
Aseom p (Fig. 2). 

Piper (1905), who used the response of the whole eye as obtained by the 
electroretinogram (e.r.g.), did not find a Purkinje shift in the cat with light- 
adaptation, and one of the factors contributing to his results may have been 
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Fig. 1. Spectral sensitivity data for light-adapted cats, ®, from the present experiment, compared 
} with the mean values for the same four animals under conditions of dark-adaptation, @. 
intensity of the retina. 
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Fig. 2. Granit’s (1943) electrophysiological data for light-adapted cats, ©, compared with values 
obtained in the present experiment by the method of behaviour, ©. 
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the fact, reported by Granit (1935), that strong light adaptation almost com- 
pletely removes the b-wave of the e.r.g. The retinogram, in any case, is a 
measure of response of the whole eye, where in the case of the cat any cone 
response may be completely swamped by the preponderance of rods in the eye. 

The results obtained in the present experiments may in themselves be taken 
as consistent enough with the structural nature of the cat’s retinal receptor 
system. In spite of the higher sensitivity to the blue and the lower sensitivity 
to the red ends of the spectrum, as compared to Granit’s electrophysiological 
data, the maxima of the two sets of results are fairly close. They are much 
more of the nature of what could be expected from the point of view of retinal 
structure than are Brown’s (1937) results on the rabbit when the same criterion 
of retinal structure is applied. When the present data are compared with 
Weale’s (1951) spectral sensitivity data for the periphery of the human 
observer, it is found that at high levels of stimulus intensity these data, too, 
have maxima in the blue and the yellow-green. The relatively high sensitivity 
in the blue for the cat shows a remarkable resemblance to the sensitivity of the 
human periphery to the same region of the spectrum. This agreement might be 
assumed to have its basis in the structural similarity between the whole eye 
of the cat and the periphery of the human eye. 


SUMMARY 


1, By the method of animal training the spectral sensitivity of light-adapted 
cats was determined. 

2. The graphical representation of the data reveals two maxima: one in the 
region of the spectrum isolated by the blue spectrum filter and one in the 
region isolated by the yellow-green filter. 

3. Compared with the animal’s scotopic curve, light-adaptation produces an 
increase in sensitivity to the blue spectral region as well as to the red end of 
the spectrum. 

4. The present behaviour data are divergent from the electrophysiological 
results of Granit on the same species in the long and short wave ends of the 
spectrum, but show tolerable agreement in their maxima. 

5. A similar agreement is found to obtain between the spectral sensitivity 
the periphery of the human observer, and that found for the whole eye of 

e cat. 

6. Apart from the agreement in the position of their maxima, human and 
cat sensitivity data show a close resemblance in their relatively high sensitivity 
to blue radiations. 

7. It is suggested that this functional resemblance may point to a structural 


similarity between the whole eye of the cat and the retinal periphery of 
man. 
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This work was carried out with the technical assistance of Dorothy Howard. The writer wishes 


to express his thanks to Dr R. W. Weal and to his colleagues in the Group for their helpful 
criticism and encouragement. 
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THE ABSOLUTE SENSITIVITY AND FUNCTIONAL 
STABILITY OF THE HUMAN EYE 


By E. J. DENTON anp M. H. PIRENNE 
From the Department of Physiology, University of Aberdeen 
(Received 24 July 1953) 


The absolute threshold of the human eye has been measured by a number of 
workers using a small peripheral test field and a short exposure. Hecht, 
Shlaer & Pirenne (1942) used a circular test field subtending an angle of 10’ at 
the eye, placed 20° from a fixation point, and illuminated in 0-001 sec flashes. 
They found that the average value of the threshold for the dark-adapted 
periphery corresponds to a flash energy content of about 100 quanta of wave- 
length 0-51 yw striking the cornea of the eye (54-148 quanta for a 60% frequency 
of seeing, depending on the subject).. These values correspond to the minimum 
amount of light energy necessary for vision. Most of the experiments we wish 
to report here were made under very different conditions, namely using a large 
test field, about 45° in diameter, exposed to the dark-adapted eye for periods 
of several seconds without using a fixation point. On account of the large 
visual angle subtended by the test field and of eye movements, the image is 
likely to fall in turn on all parts of the retina, including the most sensitive 
regions of the periphery, during one exposure. When the field is just visible, 
the total amount of light energy entering the eye during one 5 sec exposure 
is of the order of 200,000 quanta. This is much greater than in the case of 
a small flash, but on the other hand the flux of radiating energy reaching the 
retinal receptors is extremely low. Only a small fraction of the 20 million odd 
rods covered by the image of the field can possibly absorb a light-quantum 
during one exposure. 

Threshold measurements were made using spectral bands of wave-lengths 
close to 0-51 yu and isolated by colour filters from the continuous spectrum of 
an electric tungsten filament lamp. By using other colour filters the scotopic 
sensitivity curve was measured for two subjects, to check the method. The 
absolute determinations of radiating energy were based on visual photometric 
comparisons with electric lamps calibrated for candle-power and colour 
temperature by the National Physical Laboratory. The threshold was also 
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determined using the whole white light from the lamp. On the basis of the 
sensitivity curve, the results were converted into energy values referring to 
monochromatic light of A=0-51 p. 


METHODS 


The apparatus consisted essentially of a sheet of flashed opal glass lit from behind by a light source 
and viewed from in front by the subject (Fig. 1). The light sent by the lamp towards the screen 
could be made to pass through colour filters and neutral wedges. In this way it was possible to 
control the spectral composition and intensity of the light received by the subject from the 
screen. 

The main advantages of such a source of spectral light are its simplicity of construction and 
calibration and the fairly large amount of energy it can deliver. 


©) 


Fig. 1. Diagram giving the plan of the apparatus used for measuring the absolute threshold of the 
human eye. The subject’s head was at 8S. Using ordinary binocular vision, he looked for the 
test field O, made up of a circular sheet of flashed opal glass. When the experimenter opened 
a shutter (not shown on the figure) the test field O was illuminated by the light source L. 
This consisted of an opal electric bulb, the light of which passed through a diaphragm, two 
adjustable ‘neutral’ wedges and, generally, a colour filter. A number of screens pierced with 
suitable holes (not shown) were placed between L and O in order to cut out stray 
light, 


Light source 

A tungsten-filament 12V 12W electric lamp with opal bulb was under-run at the accurately 
controlled voltage of 11-2V. The electric lamp had been aged by running it at 12V for 150 hr 
before any experiments or calibrations were made using it. The current to run the lamp was taken 
from two 6V 140Ahr car batteries in series. The electric lamp was contained in a metal box. 
Light from a portion of the opal lamp was allowed to leave the box through an open diaphragm 
19 mm in diameter, the diaphragm being very close to the opal lamp. 

The light coming through the diaphragm was made to pass through two neutral wedges. Each 
wedge could be moved independently upon a rack and pinion, so that any part of it could be 
placed in front of the opal lamp. The neutral wedges, made by Messrs Ilford Ltd., were of colloidal 
carbon in gelatine cemented in Canada balsam between two layers of glass. The wedges were each 
about 25 cm in length and the range of intensities which could be obtained using the two together 
corresponded to approximately 4-5 logarithmic units (base 10). The position of a wedge could be 
accurately defined by a reading upon a mm scale mounted on top of the wedge. A 1 mm move- 
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t of one wedge corresponded approximately to 0-01 change in optical density. The optical 


I 
D=log,, (1) 


I being the incident light intensity and J, the intensity transmitted. 

A holder for light filters was mounted in front of the neutral wedges so that the light coming 
from the diaphragmed light source passed through it. In this holder colour filters could be placed. 

Special care was taken to make sure that no light could leak around the wedges and their 
mountings or around the colour filters and the filter holder. If, for example, only yAssth of the 
light leaving the neutral wedges were to leak around a deep red colour filter this leak might be 
visually more effective than the light coming through the filter itself. Similarly, if yassth of the 
light from the lamp leaked around the neutral wedges this would be more than that coming 
through the wedges when their combined density was greater than 3. No inconsistencies which 
could be attributed to such leakages have been observed for the many experiments made upon 
men and upon animals. 

Calibrations 

The luminance of an opal glass screen similar to that used in the threshold measurements and 
lit by the source with neither wedges nor filters in the light beam, was found by the National 
Physical Laboratory to be 0-0148 equivalent foot-candle when the lamp was 247-4 om distant 
from the screen. The screen was viewed from the opposite side to the source. 

A periodic check on the intensity of the lamp was made by visual comparison with the light of 
another lamp, run at a constant voltage but used only for this comparison. During the experi- 
ments described here the maximum change was a decrease in brightness of about 2%. 

Colour temperature. The relative emissivity of a tungsten lamp run at some given voltage is, for 
the visible spectrum, almost identical with that of a black-body radiator at some special tempera- 
ture. If therefore this temperature, the ‘colour temperature’, is known, the spectral energy distri- 
bution of the lamp is known, in arbitrary units, from Planck’s equation (Walsh, 1926). 

Light from the lamp was photometrically compared with that from a reference lamp calibrated 
for voltage against colour temperature by the n.P.t. The lamp of the light source (with neither 
wedges nor filters in front of it) was thus found to have a colour temperature of 2440° K. According 
to measurements made at the National Physical Laboratory, the colour temperature was reduced 
by about 40° K after the light had passed through the opal screen. Thus the colour temperature 
of the light emitted by the screen was 2400° K. 

By viewing the photometric field throngh colour filters it was ascertained that the relative 
emissivity of the light source lamp (opal bulb) could be made to correspond closely to that of the 
calibrated lamp (clear bulb) over the visible spectral range. Similarly, although it changed ite 
colour temperature, the opal glass of the screen hardly affected the general black-body character 
of the light passing through it. The relative spectral energy distribution of the visible light emitted 
by the opal screen therefore corresponded closely to that of a Planckian radiator of temperature 
2400° K. 

The calibration of the ‘neutral’ wedges. The wedges used were not really neutral (Fig. 2). They 
were calibrated for the spectral bands used in the experiments by a visual photometric method, 

The colour filters. The following colour filters were used: Ilford gelatine filters (sealed between 
glass) nos. 600, 601, 602, 603, 604, 605, 606, 609, Corning glass filter 2408, the combination 
Corning 2418 and 9780, and the combination Corning 2424, 9830 and 9863 (cf. Fig. 5). The filters 
were calibrated for transmission by the n.P.L. with a Hardy Recording Spectrophotometer. They 
seemed to be free from side-bands in the visible spectrum. Several of them transmitted freely in 
the near infra-red but this is without influence on the present measurements. A number of filters 
were re-calibrated when the experiments were finished. For some of them no significant change of 
transmission was found. In other cases small differences were observed. These, however, might 
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line. The greatest difference so found corresponded to 0-03 log,, unit in the value of the total energy 
nx transmitted by a given filter (see below under Results, ‘The spectral threshold curve’). 


Measurement of the threshold 


The threshold spectral sensitivity curve for two human subjects was measured. The experiment 
was performed in a dark room, the observer being dark-adapted for 45 min before making observa- 
tions, The opal glass screen (Fig. 1) was illuminated by the light source placed 106-4 om from it. 
The subject viewed the screen from the opposite side to the light source. A black paper cut off all 
light except a circular disk of diameter 22 cm. The subject’s head was not fixed but kept about 
30 om from the centre of the screen. Observations were made using both eyes with natural pupils. 

The experimenter changed the filters, adjusted the wedges, turned the light on and off and 
recorded the results. A ‘trial’ for a given filter and a given setting of the neutral wedges was made 
as follows: when the subject was ready, the experimenter opened a shutter and allowed the light 
source to shine on the opal screen for about 5 sec; he then cut the light off again. When the 
experimenter turned the light on he said ‘on’, when he turned it off he said ‘off’, The subject 
reported whether or not he saw the light. The reliability of the subject was checked by putting in 
‘blanks’; that is, the experimenter gave no light flash, but said ‘on’ and ‘off’ as usual, The two 
subjects in no case said ‘seen’ after a blank. 


Optical density 


| | 
0-4 0-5 06 07 
Wave-length 
Fig. 2. Spectral density of one of the ‘neutral’ wedges at a setting 10 om from its lighter end. The 
curve is based on measurements made with colour filters and rotating sector disks. These 


agree with N.P.L. measurements, made with a recording spectrophotometer, of the trans- 
mission of a light filter made of the same materials as the wedge. 


Preliminary trials were made and the approximate wedge settings for the thresholds of the light 
transmitted by the filters to be used were found. The threshold for a given filter \vas finally deter- 
mined by making, in random order, one trial at each of a number of intensities, 0-1 log, unit apart 
and including intensities above and below the threshold intensity. 

For any given colour filter, the intensity was varied by changing the wedge settings. The 
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RESULTS 


Accuracy of the threshold determinations 

The thresholds determined by this method were rather sharply defined. In the 
greater number of cases a change from ‘never seen’ to ‘always seen’ ocourred 
for an intensity step of 0-1 log,, unit; that is, the results of these series of trials 
when re-arranged in order of intensities were of the type 

0000++ + + + +, (A) 
in which 0 means ‘not seen’ and + means ‘seen’, the intensity increasing 
from left to right in steps of 0-1 logy) unit. Series of the following type, 

0000+0+ + + +, (B) 
occurred 2 or 3 times out of 10. More irregular series were very rare. 

When the series was regular, the threshold was taken as the log,,:intensity 
midway between the intensities of the last 0 and the first +. When the series 
was irregular, it was changed for the purpose of calculation into a regular 
series having the same number of 0 and +, and the threshold value taken as 
above. This method gives an estimate of the threshold corresponding approxi- 
mately to a 50% frequency of seeing. 

In several random series of trials under the same conditions, the threshold 
value so estimated rarely changed by more than 0-1 or 0-2 log,, unit. Systematic 
experiments were made on two subjects to test this repeatability. Ten random 
series were given in succession, and the frequency of seeing plotted against 
log. intensity as in Fig. 3. The uncertainty range between none seen out of ten 
trials and ten seen out of ten is 0-3 log,, unit in one subject and 0-4 in the other. 
On the basis of these frequency-of-seeing curves it is calculated that the 
standard error of a threshold value obtained from a single series such as (A) 
or (B) is about 0-064 log,, unit. 

Since it took about 1 hr to make 100 trials, the average interval between 
trials was approximately } min, but for each trial the subject was always 
allowed to choose the moment when he was ready. It would hardly be possible 
to make many more trials at one sitting without reaching the onset of fatigue, 
which would disturb the experiment. The subject was conscious of the fact 
that in each of these 5 sec trials he was making a number of attempts to decide 
whether the field was visible or not. He was voluntarily looking in various 
directions to try and see the test field with the periphery of his retina. Sub- 
jectively, a 5 sec trial of this kind involved more mental effort than a trial 
consisting of a single brief flash with fixation. It will be noted that the 
frequency-of-seeing curve here is steeper, having an uncertainty range 2 or 3 
times smaller than in the latter case. 

These observations refer to trained subjects under good experimental con- 
ditions. As one would expect, untrained or tired subjects give less regular 
results and a wider range of uncertainty of seeing (Fig. 4). 
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Fig. 3. Curves (full lines) giving the frequency with which the 45° field of Fig. 1, presented 


binocularly without fixation in 5 sec exposures, was seen at different light intensities by two 
subjects, Crosses ( x ) refer to subject M. H. P., black circles (@) to E. J. D. Each experi- 
mental point refers to 10 exposures at one given intensity. On the abscissa scale, log. 
intensity =0 corresponds to an intensity of 7-52 x 10~" erg/sec x steradian x om®* (field) for 
light of wave-length A=0-51. For purposes of comparison the curve (dotted line) on the 
right of the figure gives the shape of the Poisson probability integral for a retinal threshold 
n=5 quanta. This curve is positioned arbitrarily on the log. intensity scale. Frequency-of- 
seeing curves of similar shape to this theoretical curve were obtained (Hecht et al. 1942) for 
subject M. H. P. using a 10’ test field presented uniocularly 20° from a fixation point in 1 msec 
flashes. In terms of the total amount of energy entering the eye during one single exposure, 
the curves representing the latter experiments should be placed on the log. intensity scale 
about 3 log,, units below the steeper curves (full lines) obtained under the present conditions. 
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Fig. 4. Frequency-of-seeing curve, obtained under the same conditions as the full-line curves 
Fig. 3, but for a subject (M. H. P.) who fell ill with influenza the day after the experiment. 
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At the threshold intensity determined as above, the subject could just detect 
the presence of the brighter screen in his visual field. At an intensity twice as 
high he could distinguish a hand in front of the screen. At an intensity 3 times 
threshold he could tell when the fingers of the hand were spread out and see 
the gaps between them. 

The test field looked the same to the subjects for all wave-lengths used, and 
no change in the sharpness of the threshold was observed when the wave- 


length was changed. 


Ww 


E, Ta (arbitrary units) 
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Fig. 5, Relative spectral energy Z,7', transmitted by the opal screen O of Fig. 1 when various 
colour filters were placed in front of the lamp, the neutral wedges being removed from the 
light beam. The ordinates of the curves drawn in interrupted lines have been divided by 2, 
those of the ourves in dotted lines by 50. The numbers next to the various curves are those of 
the corresponding colour filters. The curve HZ, gives the spectral distribution of the light 
emitted by the opal screen (colour temperature = 2400° K) when no filter was used (7', =1). 


The spectral threshold curve 


To plot a first approximation spectral threshold curve, all the energy trans- 
mitted by filter X is assumed to be concentrated at a mean wave-length Ax. 


(2) 


over the visible spectrum represents the energy in arbitrary units transmitted 
by the filter, Z, being the relative energy emitted by the screen, calculated 
using Planck’s equation for 2400° K, and 7’, the transmission (as a fraction) 
for filter X at wave-length A. Plots of H,7, against A are shown in Fig. 5. 
The centre of gravity of the area under the curve of £7’, for filter X was taken 
as determining the mean wave-length Ax. In the case of the red cut-off 
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filters a special method was used for the calculation of yx and Ax, based on the 
fact that the longer wave-lengths transmitted contribute but little to the 
visual effect. 

For each colour filter used the total density D, of the wedges corresponding 
to threshold was estimated as explained above. The first approximation of the 
threshold energy H is then given on an arbitrary scale by 


logio H = 9x — Dx. (3) 

Fig. 6 represents human threshold values calculated on this basis. Kach 
point represents a particular measurement of log, H. The log. energy scale has 
been adjusted in Fig. 6 so as to make it zero for the lowest threshold value. 
There are four series of threshold measurements. The series (+) and (©) were 
obtained for subject M.H.P. on 2 consecutive days; the average difference 
between the 2 daysis insignificant, being less than 0-02 log,, unit. The series ( x ) 
for the same subject had been obtained a year earlier; it is on the average 
0-06 log,, unit higher than series (+). Other measurements made using the 
blue-green filter 604 showed that the threshold for the same subject was liable 
to vary from day to day within 0-3 log,, unit, that is, a range of 1 to 2. Day- 
to-day variations of the same magnitude are known from measurements made 
with flash and fixation in the study of dark-adaptation (Hecht & Mandelbaum, 
1939). The absolute measurements of Hecht et al. (1942) also showed similar 
threshold changes. All these variations refer to the intensity measured at the 
cornea. 

The measurements for subject E. J. D. (@) are on the average about 
0-15 log,, unit higher than measurements (+) for M. H. P. 

Fig. 7 represents a curve (dotted line) drawn through the means of the 
threshold values for each filter given in Fig. 6. A second, and final, approxima- 
tion of the threshold curve was calculated in the usual manner (crosses). The 
experimental points may be affected by errors in the individual threshold 
determinations and in the calibrations of the apparatus, the compound value 
of which appears to be roughly + 0-20 log,, unit. This is indicated on Fig. 7. 
This figure shows that the scotopic sensitivity curve (full line) adopted by the 
Commission Internationale de 1!’Eclairage (International Commission on 
Illumination, 1951) can be fitted to the second approximation within the 
limits of errors. The ©.1.£. curve is based on the results obtained by Crawford 
(1949) for fifty subjects and on those obtained by Wald (1945) for two groups 
of subjects, one containing twenty-two members, the other fifty-two. 


Absolute energy levels 
We wish to calculate in absolute energy units the threshold for blue-green 
light of A=0-51 y, to which the eye is most sensitive—which will of course set 
the whole spectral threshold curve on an absolute basis. In order to do so, we 
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Fig. 6. First approximation of the spectral threshold curves for two human subjects (arbitrary 
energy units). The black circles (@) refer to subject E. J. D. The other measurements refer 
to subject M. H. P.; series ( +) and (©) were obtained on consecutive days, series ( x) a year 
earlier. The scatter of the individual measurements for each filter is correctly represented but 
the positioning of each group of pointe on the log. energy scale is a first approximation. In 
energy unite, the average threshold value for the most effective wave-length is here about 
10~-* erg/sec x steradian x cm? (field). 

Fig. 7. Comparison of the shape of our spectral threshold curve with the 0.1.8. curve. The dotted 
line represents a mean curve based on the first approximation of Fig. 6. The crosses represent 
the second, and final, approximation. The vertical bars of these crosses give the estimated — 
probable error of each determination. The full line represents the 0.1.z. curve. 


must determine in absolute units the spectral energy distribution of the light 
from the field (opal glass screen). This can be done on the basis of its intensity 
as determined in photometric units by the National Physical Laboratory. 

In principle the luminance calibration could be made in the following way. 
First the light EZ’, emitted by the screen in watts per cm? of screen per unit solid 
angle (steradian) and per mp would be determined using a physical measuring 
instrument. Then the standard c.1.e. photopic luminosity function V) (V) 


taken as unity at A=0-556y) would be used and the luminance, F, of the 
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screen for white light in lm/cm!* x steradian calculated (Walsh, 1926) from the 


equation 
(4) 


where A (the reciprocal of the so-called ‘mechanical equivalent of light’) is 
equal to 663 lumens/watt (Le Grand, 1948). The method used in practice may 
be considered to be equivalent to this theoretical method. It is therefore 
possible to calculate the absolute energy distribution of the light emitted by 
the opal screen on the basis of equation (4). 

From the colour temperature of the light emitted by the screen we know 


E 5 
(5) 
The arbitrary units in which Z, was calculated were such that for A=0-59, 


E,=100 per mu. To find #’, we need only determine the proportionality 
factor p. From equations (4) and (5). 
F 


(6 
A | 


For a colour temperature of 2400°K, we find by graphical integration 


E,V,dA=8545. Thus for a flux F=11lm of this colour temperature, 


p=1-76 x W. 

It has been mentioned that under the conditions of the N.P.L. calibrations 
(opal glass screen 247-3 cm distant from the lamp, no wedges or filter in front 
of the lamp) the luminance of the screen was 0-0148 equivalent foot-candle, 
that is, 5-06 x 10-* candela/cm?*. In a direction normal to its surface the screen 
thus emitted a flux F’ = 5-06 x 10-* lm/steradian x cm*. For this flux therefore 
we can define p’ =p x 5-06 x 10-*. In the experiments on human threshold the 
distance between the source and the screen was 105-4 instead of 247-3 cm, so 
that the new flux F” was greater than F’ and the factor p’ must be replaced 
by p” =(247-3/105-4)? x p’. 

Consider the blue-green filter Ilford 604 which transmits from 0-49 to 0°55 u 


(Fig. 5) and for which = 98. In a particular experiment the optical 


density of the wedges when set for threshold was 3-80. The total flux of energy 
at threshold was therefore | 


p” x 3.99 = x erg/sec x steradian (field). 


On the basis of the 0.1.8. scotopic luminosity function S,=1/H), this value 
can be corrected for the fact that the filter transmits a fairly wide spectral 
band, instead of transmitting monochromatic light of maximum effectiveness. 
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The correction amounts to about 7%, or 0-03 log,, unit, giving 7-09 x 10-7 
erg/sec x steradian xcm* (field) for the corresponding value in light of 
A=0-51l 

This energy value sets the spectral threshold curves on an absolute scale. 
Using the same filter 604, the mean threshold value for the two lowest series 
of measurements (+ and ©) of Fig. 6 was 0-11 log,, unit higher than in the 
above example. The lowest ordinate value of the curve representing these 
series must therefore be taken as equal to 7-96 log, units or 9:15 x 10-7 
erg/sec x steradian x cm* (field). Thus the various measurements given in 
Fig. 6 lead to an average threshold value for the most effective wave-lengths 
of the order of 10-* erg/sec x steradian x cm? (field). 

The maximum compound error of the absolute energy scale in our measure- 
ments of the scotopic threshold curves appears to be of the order of 
+0-10 log,, unit. It is possible, however, that some of the measurements, 
such as those made with filter Ilford 604, are more accurate than this. 

The above values for the flux of energy refer to a direction near the normal 
to the surface of the luminous field. The opal screen, however, radiates energy 
in all directions. On the assumption that the screen is a perfect diffuser 
obeying Lambert’s law, the total radiation emitted on the side of the subject 
would be equal to the above values multiplied by the factor 7. The values 
given in Fig. 1 of our communication on the visual threshold of Xenopus laevis 
(Denton & Pirenne, 1951) are total radiation values calculated in this way. 
Whilst the assumption that the screen is a perfect diffuser is probably 
incorrect, the exact values for the flux (per steradian) normal to the surface 
can in any case be obtained by dividing by 7 the energy values of the above 
communication. 

Absolute threshold measured with white light 

The same apparatus has been used (Pirenne, 1943, unpublished report to 
the Military Personnel Research Committe) to study individual differences of 
visual acuity at low luminance levels in a group of twenty-three young human 
subjects. In this investigation the absolute threshold of a few subjects was 
measured under conditions similar to the above (continuously exposed field 
subtending 47° at the eye, binocular vision), but using white instead of 
coloured light. These direct measurements, as well as acuity measurements 
made at a luminance equal to twice the absolute threshold, lead to a mean 
log. value of 7-93 log,, unit, or 0-85 x 10-* cd/m*. The lowest individual log,, 
threshold value in the group is 7-6 (0-4 x 10-* cd/m*) and the highest 6-7 
(5 x 10-* cd/m*). The distribution of the individual log. values is skew, 14 out 
of 23 subjects having a value below the mean. 

These results agree with those obtained by other workers. The absolute 
threshold for large fields and long exposures is known to be of the order of 
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10~-* ed/m* (Weinstein & Arnulf, 1946; Le Grand, 1948). In one subject, 
Weinstein & Arnulf (1946), using light of practically the same colour tempera- 
ture (2390° K) as in the present investigation (2400° K), found a threshold 
value as low as 0-28 x 10-* cd/m*. This was obtained uniocularly using a con- 
tinuously exposed field 8° in diameter. (In the case of one other subject, 
Weinstein & Arnulf (1946) report a threshold of 0-13 x 10-* ed/m*. In a private 
communication, however, Prof. Arnulf says that this exceptional result is not 
as certain as the preceding one, which refers to a very reliable subject.) 

In our experiments we found that the threshold value obtained using both 
eyes was very near the value obtained for the more sensitive of the two eyes 
used separately. Under conditions giving frequency curves having an un- 
certainty range of the order of 1 logy) unit, the binocular threshold is only 
about 0-1 log,, unit below the uniocular, and this difference can be explained 
by the greater probability of seeing, with at least one of the two eyes, when 
both eyes are used (Pirenne, 1943). Since in the present experiments the 
frequency-of-seeing curves are markedly steeper the very small difference 
found between binocular and uniocular vision is understandable. Crawford 
(1940), using a test field 0-67° in diameter exposed in 1 sec flashes, found that 
the binocular absolute threshold was only 0-03 log,, unit lower than the 
uniocular. 

Light of 0-51 equivalent to white light. It is easy to calculate the energy 
flux Q (0-51 2) of the light of A=0-51 « having the same scotopic effectiveness 
as a given flux F of white light expressed in lumens if the spectral distribution 
of energy #) in the white light is known. It is 


(8) 


i 4 


where R may be called the scotopic/photopic ratio of the light of spectral 
energy distribution 

Special measurements were made with one subject at a single sitting in 
order to compare directly the threshold for white with that for the blue-green 
light transmitted by filter 604. Experimental conditions were kept the same 
except for the presence or absence of the colour filter. Taking into account the 
spectral transmission of the ‘neutral’ wedges (Fig. 2), the results were in 
excellent agreement with those predicted by equation (8). (The calculations 
also show that if we had assumed that the wedges were perfectly neutral for 
white light, we would have obtained values about 0-1 log,» unit too high.) 

The mean threshold for white in our group of subjects is 0-85 x 10-* cd/m?. 
On the basis of equation (8) this is equivalent, in light of 0-51, to a flux of 
energy B=5-9 x 10-’ erg/sec x steradian x om? (field). (9) 
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This value, which is of the same order as that obtained above for two subjects 
using @ blue-green filter, will be taken here as an average value of the threshold 
of normal young subjects. Although derived from binocular observations, it 
may be considered as referring to the more sensitive of the two eyes. Since the 
lack of neutrality of the wedges for white light has not been taken into account 
(the error involved is smaller here than in the preceding example), the value 
may be slightly too high. This may not be a disadvantage in some theoretical 
discussions. It will also be remembered that the threshold of our most sensitive 
subject was about half the mean value for the group. 

The minimum retinal illumination 

The retinal illumination D is (Le Grand, 1948) 

D=0-36rsB, (10) 
where + is the transmission factor of the eye from the cornea to the retina for 
the light used, s the area of the pupil in cm* and B the luminance of the 
extended field of view. Here the luminance is expressed as above in erg/sec x 
steradian xcm* (field). The retinal illumination D is then expressed in 
erg/sec x cm? (retina). 

The transmission factor of the refractive media of the eye is not known with 
a high degree of certainty, particularly in the case of extended fields. It is 
possible that the light losses are due to scattering rather than to true absorption 
in the eye media, in which case the effective loss would be smaller in the case 
of a large than a small field (Le Grand, 1948). The available measurements 
(Ludvigh & McCarthy, 1938) give r=0-50 for A=0-51 yu. The light losses due 
to reflexions at the air-cornea interface amount to about 2°% (Le Grand, 1946). 

We will take r=1, which must lead to an upper value of D. Thus it will be 
assumed that all the light striking the cornea reaches the retina without loss. 
This should ensure that there is no under-estimation of the retinal illuminations 
calculated here. If it appears desirable, it will be easy to apply a correction 
based on a particular estimate of 7, taking into account the small loss due to 
corneal reflexion, which is here neglected. 

At the absolute threshold, the average pupil has an area s of about 0-5 cm? 
. {Le Grand, 1948), Thus, taking the value of B given by equation (9), we find 

D=1-06 x 10-? erg/sec x cm? (retina). (11) 
This is equivalent to 9 x 10-" erg/sec striking the retina per square degree of 
the external field. For A=0-51 p, the energy of a light quantum is 3-89 x 10-¥ 
erg. The illumination D therefore corresponds to 27,300 quanta/sec x cm? of the 
retina; that is to 23 quanta reaching the retina per second from each square 
degree of the field. (If losses in the eye media are not to be neglected, these 
values represent the corresponding amounts of light at the cornea of the eye.) 

It might be emphasized that when light quanta are used in this way to 
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express amounts of radiating energy reaching the eye, or to express retinal 
illuminations, it should not be taken as suggesting that the light flux does 
really behave like a stream of particles, each of which would be a quantum— 
a view which would of course lead to completely mistaken conclusions regarding 
diffraction and interference phenomena. In the present case it is only when 
light is absorbed by retinal receptors that quantum considerations become 
applicable. Then it can be said, for instance, that a quantum has been absorbed 
in a certain rod. But as long as no absorption has taken place the quanta cannot 
be localized and the only information we can have is the probability distribu- 
tion of the radiating energy reaching the retina. Such a phrase as “a mean 
illumination of y quanta (A=0-51,.) per rod per second’ merely means that 
the mean flux of radiating energy reaching the rod is equal to y x 3-89 x 10-™ 
erg/sec. The quantum is used simply as a convenient unit of energy; if the 
probability of light absorption by a rod is z, the mean number of quanta 
absorbed per second is zy. 

Quanta absorbed in the rods. According to Osterberg’s measurements (which 
refer to one particular human retina), the periphery of the retina at eccentrici- 
ties between 20 and 40° on the horizontal meridian contains an average of 
about 134,000 rods and 5250 cones per mm? (@sterberg, 1935). Schultze’s 
drawings of unfixed retinal preparations show that in this region each cone 
oceupies an area equivalent to that which would be occupied by about seven 
rods (Schultze, 1866; drawing reproduced in Pirenne, 1948). Further, if the 
rods are arranged like closely packed cylinders, their cross-sections have an 
area equal to 0-907 of that of the full cross-section. Thus the area of the cross- 
sections of the rods is equivalent to 


0-907 x 134,000/[134,000 + (7 x 5250)]=0-7 (12) 


of the retinal area under consideration. This value is too high if the rods are 
not closely packed. (Assuming close packing, the diameter of a rod would be 
2-6 4.) We have little information on the refraction and scattering to which the 
light incident on the layer of rods and cones may be submitted. Here we will 
take it that.a proportion 0-7 of the light strikes the rods while the rest, 0-3, is 
lost as far as rod vision is concerned. If fis the proportion of the light incident 
on the retina which is absorbed by the rods, the proportion of the light striking 
the rods and absorbed by them will therefore be z= //0-7. 

Assuming an absorption probability f=0-1, or s=0-143, for A=0-51 p, and 
assuming that there are no losses in the eye media (r= 1), the mean amount of 
light absorbed per second by the rods in a peripheral retinal region cor- 
responding to 1 square degree of field would be 23 x 1 x 0-1=2-3 quanta at 
threshold. Such a region is 8:47 x 10-* cm? in area and contains about 11,350 


rods. Thus for +f=0-1. the mean absorption would be about 1 quantum/sec/ 
5000 rods. 
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The probability fis not accurately known and may vary from one individual 
to another. A direct estimate of f was obtained in one case by extracting the 
visual purple from a human retina and measuring its optical density in vitro 
(Konig, 1894); it gave f=0-04. We shall see presently that such estimates may 
be too low because the dichroism of the rods may favour the absorption of the 
light reaching them in their natural position in the eye. 

It might theoretically be possible to obtain an indirect estimate of x, and 
therefore of f, by comparing the shape of the sensitivity curve, calculated on 
a quantum basis at the retina, with the shape of the absorption spectrum of 
rhodopsin measured in vitro. Hecht et al. (1942) made such calculations, as a 
result of which they took 0-20 as an upper limit of f in order ‘to be quite safe’. 
This comparison cannot any longer be considered reliable, however, because the 
human sensitivity curve used by Hecht et al. was broader than the new 0.1.2. 
curve and probably inaccurate (Crawford, 1949). Stiles (1948) made a new 
comparison of the relevant curves. For A>0-43y, it shows rather small 
differences between the human scotopic sensitivity curve and the absorption 
curve of frog rhodopsin for infinite dilution. These differences are not easy to 
interpret. There is no clear indication of broadening due to the finite con- 
centration of rhodopsin in the rods. But in any case a considerable amount of 
uncertainty remains in the present connexion, particularly on account of 
Schmidt’s observations. Schmidt (1938) has shown that the red-coloured rods 
of the frog are naturally dichroic, light absorption being maximum, for an 
absorbing layer of a given thickness, for light falling along the axis of the rod. 
It is therefore most likely that in the rods the rhodopsin molecules are not 
oriented at random as in solution but are arranged in preferred positions. 
Such an arrangement might possibly alter the shape of the absorption curve 
in situ compared to that in vitro. Even if this complication does not arise, 
Schmidt’s important findings prove that absorption im situ in man may well 
be higher than the absorption calculated from measurements made on solutions 
containing the whole of the rhodopsin present in the retina. 

Bearing this possibility in mind, and remembering K6nig’s estimate of 0-04, 
it seems reasonable at the present time to take f=0-1 as a basis for discussion. 
This is an arbitrary choice, but it should be easy to modify the conclusions 
reached on this basis if definite information about f (and 7) becomes available 
and makes the alteration necessary. The present choice gives rf=1 x 0-1 =0-1, 
whereas Hecht et al. took rf =0-96 x 0-50 x 0-20 =0-096, a very similar value. 
An independent argument given at the end of the discussion of ‘The possibility 
of spontaneous excitation in the retina’ leads to a tentative value of about 
0-07 for rf, in the case of a 10’ test field. 

The threshold measured in terms of the luminance of the external field is 
different in individuals; it can also vary from day to day in a given individual. 
It is not known whether such variations are related to changes in rf, and more 
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particularly in f, that is to changes in the concentration of rhodopsin in the 
rods. The values of r and f in individual living eyes are less well known than 
their mean values. 


DISCUSSION 


Assuming that rf=0-1, it has been seen that the threshold corresponds to an 
average of 1 quantum absorbed every second per 5000 rods. The chance of one 
rod absorbing two or more quanta within the retinal action time, about 
0-1 sec, is therefore small. Threshold stimulation must occur mostly through 
the summated effects of the absorption of single quanta in individual rods 
which may be at some distance from one another. 

Since the retina is not homogeneous in its properties it is probable that, 
among the functional receptor units contained in the area covered by the 
image of the whole field, only those having the highest degree of spatial and 
temporal summation are responding at threshold. Each of the retinal units 
referred to here probably consists of a number of receptors linked to an optic 
nerve fibre. Their mode of action has been discussed elsewhere (Pirenne & 
Denton, 1952). Since the mean retinal illumination is very low, the number of 
quanta absorbed by these units must fluctuate considerably. It seems reason- 
able to assume that the test field is seen when at least one, or a few, such units 
have by chance absorbed a minimum number of quanta within their action 
time. This minimum number must be greater than one per unit and it is 
probably smaller than 10 (Pirenne, 1951). According to the simple interpreta- 
tion of the spectral sensitivity curve (Stiles, 1948) this number of absorbed 
quanta would be independent of wave-length. 

Functional stability of the retina 

Various considerations (Denton & Pirenne, 1952) suggest that under 
favourable conditions the retina is not only extremely sensitive, but also can 
function with a high degree of stability. It is possible to draw some general 
conclusions on this stability from the frequency-of-seeing curves described 
under Results. The curves of Fig. 3 show that, according to the subject, the 
range of uncertainty of seeing covered 0-3 or 0-4 log,, unit; that is, it extended 
in relative units from intensity 1 to intensity 2 or 2-5. In other words, in a 
series of all the random trials made at one single sitting as described under 
Methods and Results, one of the subjects, for instance, never reported ‘seen’ 
at intensity 1 or under, and always reported ‘seen’ at intensities 2 and above. 
It can be concluded from this that the average biological sensitivity during 
each one of the trials made at one sitting did not vary beyond these limits. 
Ifin one or more trials the average sensitivity of this subject had corresponded, 
for instance, to intensity 2-5, the frequency of seeing at this intensity level 
would of course have been less than 100%, whereas it was 100%. 
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The use of a large test field, long exposure and binocular vision is likely to 
reduce the effect of quantum fluctuations and other random variations on the 
range of uncertainty of seeing. Each one of the present 5 sec trials can 
theoretically be considered as consisting of a number of attempts by the 
subject to see the test field, each attempt corresponding probably to one 
‘look’, that is, to a fixation pause in the continual movements of the eyes. 
Each of these ‘looks’ in turn involves, in each retina, all those functional units 
which correspond to the image of the test field. Thus, each 5 sec trial may be 
considered as consisting of a large number of more or less independent attempts 
at the stimulation of one or a few out of a large number of retinal units. On 
general statistical grounds, the accuracy of the threshold determination should 
accordingly be increased, rather as the accuracy of the determination of a 
physical quantity is in general increased when repeated measurements of this 
quantity are made. Exact calculations can hardly be carried out because it is 
not known to what extent these individual stimulations can be considered as 
statistically independent. Information is also lacking on the characteristics of 
the functional units of the periphery of the retina which are likely to be active 
under the present conditions. 

In the present experiments, therefore, the influence of the purely physical 
quantum fluctuations on the frequency-of-seeing curve must be smaller than 
in experiments using a small test field and a short flash, in which case the 
observed range of uncertainty is of the order of 1 log,, unit. These fluctuations 
are probably not negligible, however. Since in all cases the observed curve 
must be determined by a combination of variations of biological sensitivity, 
of quantum fluctuations, and of other possible sources of variation, the two 
latter causes will tend to increase the range of uncertainty of seeing which 
would be caused by biological variations alone. The above ranges for the 
variability of the biological sensitivity during 5 sec trials, 0-3-0-4 log,,) unit, 
must therefore be considered as upper limits. 

Thus, in the present experiments the average biological sensitivity of the 
visual system taken as a whole—eye, brain and motor mechanisms—cannot 
have varied from one 5 sec trial to another by more than + 0-2 log,, unit, and 
may have varied by less than this value. Larger biological variations may 
possibly have occurred during the course of each 5 sec trial, but this does not 
affect the above conclusion. 

It may perhaps be emphasized that this reasoning refers exclusively to the 
average sensitivity during the individual 5 sec trials and does not give any 
information about the sensitivity of the subject in the intervals of rest between 
trials. It will be remembered that the exposure was not continuous and that 
the subject was free to choose his own time for each trial. Assuming that the 
subject goes through periods of heightened and lowered sensitivity during an 
experiment, the present method may help to eliminate the influence of the 
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periods of lower sensitivity, and thus lead to more constant results than when 
the stimulus is presented to the subject at intervals chosen by the experimenter. 
It must also be borne in mind that under unfavourable conditions (fatigue, 
etc.) the observed frequency-of-seeing curves have a larger range of uncertainty 
and the visual system then obviously functions in a less stable manner than 
in the experiments just discussed. | 

The possibility of spontaneous excitation in the retina 

It is generally accepted that light acts on the retinal receptors by bleaching 
some of the sensitive substances they contain. For A>0-43, the bleaching 
spectrum of frog rhodopsin agrees reasonably well with its absorption 
spectrum. As Stiles (1948) has shown in the above-mentioned discussion, these 
spectra also agree fairly well with Crawford’s redetermination of the human 
scotopic visibility curve after suitable corrections have been applied to the 
latter. This gives further confirmation to the view that the photosensitive 
substance in the human rods is very similar to frog rhodopsin. 

Now experiments in vitro show that the bleaching of frog or cattle rhodopsin 
also occurs in the absence of light, the rate of this ‘dark’, thermal reaction 
increasing rapidly with temperature. Such a spontaneous bleaching of 
rhodopsin may therefore occur in the living retina. It might possibly be 
related to the spontaneous activity often observed in electrophysiological 
experiments on animal retinae. This raises an important problem, for the 
spontaneous reaction might be expected to interfere strongly with the recep- 
tion of light stimuli. But, on the other hand, the values of the retinal illumina- 
tion at threshold are so low that they seem hardly compatible with any 
marked degree of spontaneous activity. The problem can be approached 
quantitatively on the basis of the latter observation, using ‘signal/noise’ con- 
siderations of a kind familiar to physicists. 

Assume that a molecule changed by the dark reaction is capable of causing 
in the rod cell to which it belongs the same reactions as a molecule changed by 
the absorption of a light quantum. The dark reaction (‘noise’) will then 
determine a certain level of spontaneous nervous excitation in the living 
retina. If this random ‘noise’ exceeds a certain level, its continual fluctuations 
in time will make it impossible to detect a light stimulus (‘signal’) below a 
certain intensity. On this basis, regarding the spontaneous activation of 
rhodopsin molecules as the only source of noise, we will try and calculate the 
maximum noise level compatible with the intensity of the smallest detectable 
stimuli; that is, with the absolute threshold intensity as determined under 
various conditions. 

The following symbols and definitions will be used: . 

_N Number of chromophoric groups contained in the rods covered by the 
retinal image of a peripheral field subtending 1 square degree at the eye. 
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K Mean number of chromophoric groups spontaneously activated per second 
in a peripheral retinal area corresponding to 1 square degree. 

k=K/N. 

a Retinal area inside which complete physiological summation takes place, 
in square degrees. 

t Retinal action time in seconds; that is, the time during which complete 
physiological summation of the stimulus takes place. 

+ Light transmission factor of the eye media for A=0-51 yu. The factor r is 
supposed also to take into account the light losses due to reflexion at the 
air-cornea interface. In this paper we generally take r= 1. 

f Proportion of the light (A=0-51 ,) incident on the retina which is absorbed 
by the rods of the corresponding retinal region. We generally take 
f=01. 

z Proportion of the light (A=0-51,:) incident on a rod which is absorbed by 
this rod; may be taken as equal to //0-7 (see Retinal illumination). 

@ Quantity of light (A=0-51,.), expressed as a number of quanta, striking 
the cornea per second per square degree of external field at threshold. 

a Extinction coefficient per chromophoric group expressed in cm? and defined 
by the equation j 

log, T, =aN (13) 


where J is the incident light intensity, J, the transmitted light intensity, N’ the 
number of chromophoric groups present in the absorbing layer, v the volume of 
the absorbing layer and | its thickness. This is valid for rhodopsin in solution 
but may require modification in the rods themselves on account of their 

We take as the ‘signal’ the number of quanta absorbed at threshold by the 
rods in the area a during the time ¢; this is ratf¢. Within the same time and 
area, the mean number of chromophoric groups spontaneously activated is atK. 
The activations which constitute the ‘noise’ must be expected to occur at 
random; the standard deviation from the mean number therefore is ,/(atK). 
If we assume that in order to be seen the ‘signal’ must be at least 3 times this 
standard deviation, we have 


rath > 3,/(atK). (14) 


K <} ratf*¢?. (15) 


This. equation applies to the case of a light flash of duration equal to the 
action time ¢ and falling exactly upon a retinal area a in which complete 
summation occurs. According to the measurements of Graham & Margaria 
(1935), a flash 0-1 sec in duration and 1 square degree in area probably 
represents an approximation to these conditions. Its threshold energy pga 
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is of the order of 200 quanta, which corresponds to ¢=2000. If we take 
f=0-1 and r=1, we have 


K <4x 0-1 x (0-1)? x 2000? = 444, (16) 


Thus, during the action time, the signal would be 20 quanta and the noise 
would be 44, or less than 44, chromophoric groups excited. (The total number 
of molecules involved is so large that each of the groups spontaneously excited 
must belong to a different molecule.) 

On account of insufficient knowledge concerning the functional organization 
of the retina, and consequently of the mechanisms of spatial and temporal 
summation, it is not easy to decide if there are experimental arrangements 
which give a better approximation to ¢ and a than the preceding example, In 
the periphery, fairly complete spatial summation is generally found to occur 
up to a field diameter of 1 or even 2°, after which there is a certain range of 
incomplete summation. For a field 1 or 2° in diameter, temporal summation 
is fairly complete only for durations up to about 0-01 sec and incomplete 
summation occurs in a certain range of longer durations (Graham & Margaria, 
1935). We made a direct measurement of the threshold in one subject using 
a field 2 ./2° in diameter and a flash lasting 0-1 sec. The 50% threshold value 
was 280 quanta. Applying equation (15), this gives K < 139. This is less than 
the above value K < 444, which will be retained as a safer basis for discussion. 
In the case of a field 47° in diameter exposed for 5 sec, we have ¢=23. If, for 
the sake of argument, we treat the whole field as a single unit of area a= 1740 
and having an action time ¢=5 equal to the duration of the whole exposure, 
we find K <5100, which is only about one power of 10 higher than 444. 

According to Dartnall, Goodeve & Lythgoe (1938), the probable value of 
a is 9x10-" cm* for A=0-506y. On the basis of equation (13) this links 
N with z and f, since J,=J(1—z). The retinal area corresponding to 1 square 
degree is 8-47 x 10-* cm®* and the total cross-section of the 11,350 rods it 
contains is 5-93 x 10-* cm*. This cross-section here corresponds to the ratio 
v/l of equation (13). Thus | 

N = — 1-52 x 10¥ logy, (1 —f/0-7). (17) 

For f=0-1, N=1-02 x 10. (On the same basis the number of chromophoric 
groups per human rod is 8-98 x 10’.) Thus the fraction of chromophoric groups 
spontaneously activated per second is 


k=K/N <444/(1-02 x 10!) =4-4 x 10-10, (18) 


Equations (15) and (17) show that if f is taken as variable, the value of k is 
proportional to —f*/logy (1—f/0-7). The function y= —z*/log,(1—z) is 
maximal for z=0-715, when y=0-94. Now for f=0-1 or r=0-143, y=0-30, so 
that for s=0-715 or f=0-5 we must have 


k<4-4 x 10-" x (0-94/0-30) = 1-38 x 10-9. (19) 
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Thus, simple signal/noise considerations suggest that k is not greater than 
1-4 x 10-*. There is no evidence to suggest that f is as high as 0-5 in the human 
eye. Again, it is likely that + is markedly smaller than unity. The above 
k value therefore should be an upper value. It corresponds to only 0-0005 %/hr 
for the fraction of the _— present in the rods which undergoes spon- 
taneous activation. 

than that calculated above and the value of k becomes higher. But this should 
not markedly decrease the wide gap which exists between values of k calculated 
in situ and observed in vitro, the latter values being at least 1000 times higher 
than the former. 

The experiments of Lythgoe & Quilliam (1938) on the thermal decomposi- 
tion of frog rhodopsin im vitro indicate a rate of about 5%/hr at pH=7 at 
37° C. Again, St George (1952) gives results which would correspond to about 
1%/hr for cattle rhodopsin at the same temperature. 

There is no necessary contradiction between these results and the above 
calculations. The apparent heat of activation determines the variation of k 
with temperature, but the absolute rate of decomposition depends on various 
factors which do not affect this heat of activation. Lythgoe & Quilliam (1938) 
found the apparent heat of activation to be independent of the pH, whereas 
the pH affects strongly the absolute rate of bleaching. In the intact rod, the 
rhodepsin molecules are probably submitted to particular constraints which 
do not exist in the case of a solution. Factors such as these must affect the 
entropy term, independent of temperature, which enters besides the apparent 
heat of activation in the equation giving the absolute reaction rate (Stearn, 
1949). In vitro the process of activation may be accelerated by the larger 
increase of entropy which follows from the reaction. Thus there is no theoretical 
objection to the absolute reaction rate im situ being much lower than in vitro. 

Making some further assumptions on the functioning of the retina, it is 
possible to show that in the case of a small field the noise probably plays only 
@ minor part at threshold, being too weak to limit the absolute sensitivity of 
the retina. If the rods contained in a retinal area (1 or 2° in diameter) in which 
a high degree of spatial summation occurs were all connected to one single 
optic nerve fibre, we should expect spontaneous excitation from the whole 
area to be summated towards this final common path independently of whether 
the light stimulus itself covers the whole retinal area or only a part of it. Even 
on purely anatomical grounds, however, it is unlikely that the human retina 
is organized in such a simple manner. In a discussion of the accuracy and 
sensitivity of the eye, Pirenne & Denton (1952) have suggested that while the 
rods do form large functional units of the kind just described, the same rods 
are also connected in a different way forming smaller functional units, each of 
which possesses its own optic nerve fibre. At sufficiently high intensities the 
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small units would absorb enough quanta to respond, but at the lowest intensi- 
ties they would not, only the largest units summating enough light to remain 
active. If the retina works in this way, it seems probable that the smaller 
units summate only the noise occurring within their own receptive field and 
are unaffected by noise occurring in neighbouring units. Making the simplifying 
assumption that when a small test field is used its image covers approximately 
one of the smaller units, only the noise occurring in the retinal area covered 
by the image of the field has to be taken into consideration, as a first 
approximation. 

Consider threshold measurements made with a field 10’ in diameter, that is 
0-022 square degree in area, and with a flash of 0-001 sec duration. The 
threshold value corresponds to an average of 100 quanta at the cornea. For 
r=1 and f=0-1, this means a ‘signal’ of 10 quanta absorbed. This signal 
should be compared with the noise value, not for 0-001 sec, but for the action 
time, about 0-1 sec. According to the estimate of equation (16), this is equal 
at the most to forty-four spontaneous decompositions per square degree. 
According to the assumption discussed in the preceding paragraph, the upper 
value of the noise would then be equal to 44 x 0-022=0-97. The mean noise 
per flash would thus be at the most 1 spontaneous activation, whereas the 
mean value of the signal would be 10 quanta. 

The effect of such a weak random background should be similar to that of 
biological variations of sensitivity rarely exceeding the equivalent of 1 or 
2 quanta. The influence of such variations on the frequency-of-seeing curve 
has been discussed by Hecht et al. (1942) and by Pirenne (1951). It would 
hardly affect the general analysis of the results on the basis of the Poisson 
probability equation given in the original paper of Hecht et al. (1942). This 
analysis led to values ranging from 5 to 8 for the number of quanta which 
must be absorbed at threshold. The product 7f should therefore be about 0-07 
instead of 0-10 as assumed above. But according to equation (15) the upper 
value of K would be halved if 7f=0-07 instead of 0-10. Thus the upper value 
of the noise would be only 0-5 against a mean signal strength of about 7 quanta. 
In the present connexion it may be pointed out that we do not think that the 
theory according to which the minimum quantity of light necessary for vision 
would be 2 quanta absorbed by the retina (van der Velden, 1944; Bouman & 
van der Velden, 1947) is sufficiently proven by the evidence given in support 
of it (Pirenne & Denton, 1951). But in any case it seems that this theory could 
only lead to a lower value of the noise as calculated here. 

It is conceivable, but unlikely, that, contrary to the hypothesis made at the 
beginning of this discussion, thermal activation and light activation do not 
act in the same way on the molecules, thermal activation being unable to 
cause nervous excitation. The rate of spontaneous activation could then be as 
high im situ as in vitro without producing any effective noise interfering with 
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the reception of the light signal. If, on the other hand, rods could become 
spontaneously excited through some process which does not involve en 
this again could produce noise in the retina. 

In general, if spontaneous excitation is of a different kind from the action of 
light on the visual system, such excitation may be ineffective as noise in the 
present sense. It seems clear that the total amount of effective noise of all 
origins cannot exceed a level corresponding to that calculated above in terms 
of activated molecules. (Perhaps it is possible that the spontaneous excitation 
observed in some electrophysiological preparations is not effective noise in the 
present sense.) 

In conclusion, the effective noise in the living retina must be of much lower 
intensity than the value derived directly from the study of rhodopsin solutions. 
If it were as high as this value, the retina should be incapable of detecting the 
weak threshold stimuli which in fact it can detect. It should also be incapable 
of detecting stimuli of a few times threshold strength, whereas the latter can 
be seen most distinctly (see Results) and look much brighter than the 
phosphenes observed under normal conditions. The effective noise may possibly 
be much lower than the value given in equation (19) and always play a 
negligible role even at the absolute threshold. There is no evidence to prove 
that this is not so. Finally, even if spontaneous retinal excitation plays a part 
at the absolute threshold, it must soon become negligible at supra-liminal 
intensity levels. 

Photochemical bleaching of rhodopsin in situ 

According to the values taken as a basis for discussion in this paper 
(1 quantum absorbed among 5000 rods/sec; 7 x 10’ chromophoric groups con- 
tained in one rod), and assuming that the quantum efficiency of rhodopsin 
bleaching is unity, it is seen that at threshold only 1 in every 3°5x10" 
chromophoric groups is bleached by light every second. Accordingly, at an 
intensity of 1 cd/m?, that is at a level at which cones are functioning actively, 
1 million times above the rod absolute threshold, the fraction of retinal 
thodopsin bleached will be only 1°%%/hr. Thus the purely photochemical aspect 
of light adaptation should remain almost negligible even at such an intensity 
level. This confirms the view (Baumgardt, 1950) that certain theories of vision 
based on photochemical considerations will have to be reconsidered on the 
basis of the absolute sensitivity of the retina. 


Note added in proof. Crescitelli & Dartnall (1953) have recently studied 
the rhodopsin extracted from a dark-adapted human retina. They find good 
agreement between the absorption spectrum of their preparation of human 
rhodopsin and the human scotopic function of Crawford (1949), suitably 
corrected, Thus it is likely that the relatively minor but rather puzzling 
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discrepancies, referred to in the present paper in connexion with Stiles’s 
discussion (1948), can largely be accounted for by differences between the 
spectra of frog and human rhodopsin. The optical density of the extract 
obtained by Crescitelli & Dartnall would correspond to value f=0-035, 
which is very close to Konig’s (1894) estimate, f=0-04, taken into account 
in the present paper. 
REFERENCE 
Human visual purple. Nature, Lond., 172, 


SUMMARY 


1. The absolute threshold of the human eye to a test field subtending about 
45° at the eye and exposed for about 5 sec at each trial was measured. The 
subject used ordinary binocular vision with natural pupils, without fixation. 
Measurements were made with narrow bands of the spectrum isolated by 
colour filters and also with the white light emitted by the tungsten filament 
lamp used as a source. 

2. In the case of spectral bands, the threshold flux of radiating energy was 
calculated on the basis of the candle-power and colour temperature of the light 
source. The shape of the spectral sensitivity curves thus obtained for two 
subjects agrees with the recently adopted international scotopic curve. It was 
verified by direct experiments that, on the basis of this curve, the absolute 
threshold value for blue-green light is equivalent to the value for white light. 

3. The average absolute threshold for white light (colour 7 =2400° K) in 
a group of twenty-three young subjects was at 0-85 x 10-" od/m? (field). This 
is equivalent in light of 0-51 to a flux of 5-9x10~-" erg/sec per steradian 
per cm? of the test field. 

4. Neglecting light losses from cornea to retina, the above value for light of 
0-51 » corresponds to a mean retinal illumination of 27,300 quanta per cm? of 
retina per second. If the effective absorption by the rods is 10% of the light 
striking the cornea, this corresponds to a mean value of 1 quantum of light 
absorbed every second per 5000 rods. In round figures, the total amount of 
light entering the eye during one 5 sec exposure is of the order of 200,000 
quanta, whereas the retinal image of the field covers about 20 million rods. 

5. The frequency-of-seeing curve for large fields and long exposures is much 
steeper than that obtained for small fields and brief flashes. The shape of the 
curve shows that the average biological sensitivity of the visual system cannot 
vary from one 5 sec trial to another by more than +0-2 log,, unit. 

6. The possibility of spontaneous excitation in the retina (‘noise’) is dis- 
cussed on the basis of ‘signal/noise’ considerations, the light stimulus being 
the ; signal’. It is estimated that, if spontaneous decomposition of rhodopsin 
similar to activation by light occurs in the living rods, it must do so at a rate 
less than 0-001%/hr, that is at least 1000 times slower than in vitro. The 
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conditions of the rhodopsin molecule may be very different in the rods and in 
solution. It is possible that the effective ‘noise’ in the retina is of negligible 
importance even at the absolute threshold. 

7. From the value of the absolute threshold for a large field, it is estimated 
that the fraction of retinal rhodopsin bleached in the rods must be of the order 
of only 1%/hr at a light intensity of 1 cd/m? (field). 


We are grateful to Dr W. 8. Stiles for his advice on the energy calibrations and for many 
discussions, to Profs. W. O. Kermack and E. C. Baughan for discussion of chemical problems, and 
to Dr F. H. C. Marriott for his help with statistical and numerical calculations. We are also greatly 
indebted to the Medical Research Council and to the Nuffield Foundation for their support in 
connexion with apparatus expenses. 
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Barcroft & Konzett (1949) noticed that intravenous infusions of 1-noradrenaline 
sometimes caused a sustained increase in the forearm blood flow. Whelan & 
Young (1953) confirmed this and also found that a large transient increase in 
flow often occurred at the beginning of such infusions. 

The object of the present paper is to describe and discuss experiments done 
to examine the nature of these effects. The results suggest that noradrenaline 
has a direct constrictor action on forearm muscle blood vessels and an indirect 
dilator action which is mediated by the sympathetic nerves. 


METHODS 


The subjects were colleagues and medical students. Some patients who had been sympathecto- 
mized for Raynaud's disease or hyperhidrosis were also investigated. The blood flow through the 
forearms was measured by venous occlusion plethysmography. The water in the plethysmographs 
was kept at 33-34° C and the room temperature was 21—22° C. 

The intravenous infusions were given through a nylon catheter into an antecubital vein. Since 
forearm blood flow measurements were made simultaneously on the two sides the catheter was 
passed proximally to above the upper margin of the collecting cuff of that side (Whelan, 1952). 
For the intra-arterial infusions a needle was inserted into the brachial artery at the elbow. 
the control periods before and after a noradrenaline infusion, physiological saline (0-9% NaCl) 
containing ascorbic acid 1:500,000 was infused at a rate of 4 ml./min. The 1-noradrenaline 
preparation used was ‘ Levophed’ (Bayer) and the dose to be infused was made up in ascorbic acid 
saline a few minutes before it was given so that the minute dose was contained in 4 ml. The infusions 
were delivered from a mechanically driven syringe. 

In some subjects the deep nerves to the forearm were blocked by infiltration around each of 
2-3 ml. of lignocaine (Xylocaine) to which was added adrenaline 1:60,000 (Barcroft, Bonnar, 
Edholm & Effron, 1943; Whelan, 1952). 

In a number of experiments the forearm blood flow was recorded during controlled hyper- 
ventilation of a degree comparable with that produced by intravenous noradrenaline. A record of 
the respiratory movements was made during an infusion of noradrenaline by means of a volume 
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abdomen (Shepherd, 1951; Dornhorst & Leathart, 1952); after an interval this record was * played 
back’ without an infusion, the subject matching his respiratory movements to the previous record 
(Dornhorst & Whelan, 1952). 


Noradrenaline |.A. Saline 


1/10 


w 


Forearm blood flow (mi./100 mi./min) 


uw 


Time (min) 

Fig. 1. Intra-arterial infusions of noradrenaline. Average of six experiments on six subjects in 
which three different doses were given. The noradrenaline was infused during the periods 
indicated by the vertical dotted lines. The doses in yg/min are given at the top right of the 
respective frames, The dots represent the flow through the infused forearm and the circles 
the flow through the opposite control forearm. 


RESULTS 
Intra-arterial infusions 
Normal forearms. In each of six subjects noradrenaline was infused into the 
left brachial artery in three doses, 1/10, 1/20 and 1/40yg/min. In every case 
with 1/10 and 1/20, and in four out of six cases with 1/40, the blood flow through 
the infused forearm decreased while that through the opposite forearm was 
unaffected. Fig. 1 shows the averaged results of these experiments. 
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Intravenous infusions 
Normal forearms, Intravenous noradrenaline infusions of 10 or 20ug/min 


were given to twenty-four subjects and some of the results obtained are shown 
in Figs. 2 and 3. While there was considerable individual variation, most 
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Fig. 2. The effect of intravenous infusions of noradrenaline on nerve-blocked forearms, The 
dots represent the flow through blocked forearms and the circles that through the controls. 
Other conventions as in Fig. 1. 


subjects showed a transient increase in flow, sometimes small but often as 
much as 6 times the resting level. This was followed by a sustained effect, the 
pattern of which fell into two main groups: (a) no marked change from the 
resting level; (b) an increase in flow sustained throughout the remainder of the 
infusion period. 
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Nerve-blocked forearms. In twenty-two intravenous infusions of 10 or 
20 ug/min in twelve subjects following block of the deep nerves to the forearm, 
there was in every case except one a sustained fall in the blood flow in the 
blocked forearm, while the pattern of response of the control forearm fell into 
one of the groups described above. Fig. 2 shows six examples from this series. 


154 che 


5.8, 


CW, 


Forearm blood flow (mi./100 mi./min) 


Time (min) 3 
Fig. 3. The effect of intravenous infusions of noradrenaline on sympathectomized 
dote represent the flow through the sympathectomized forearms. In 8. P. the circles represent 
the response of the same forearm 24 hr prior to operation. In C. W. and B.J. the circles 


represent the simultaneous flow through the opposite normal forearm. Other conventions as 
in Fig. 2. 


forearms. The 


In these cases the initial transient increases were very variable, being absent 
on the blocked side in four infusions on two subjects, present in six infusions 
on four subjects, and indefinite in the remainder. 
Sympathectomized forearms. Fig. 3 illustrates the effect of cervical sympa- 
_ thectomy on the response to intravenous noradrenaline in three recently 
sympathectomized cases (5 hr to 34 days). There was always a fall in blood 
flow through the sympathectomized forearms while the control forearms 
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showed a dilator response. In four chronically sympathectomized cases 
(24 months to 10 years) the constrictor response was shown by one, while in 
the remainder there was no change or a slight increase in flow. 

As in the case of the nerve-blocked forearms the initial transient increases 
were very variable and were not consistently present on either the sympa- 
thectomized or on the control side in the acute or chronic group. 

All of these patients were tested by the indirect heating method (Lewis & 
Pickering, 1931; Gibbon & Landis, 1932) and were found to be completely 
sympathectomized. 
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Fig. 4. Respiration ‘ play-back’ experiment. The dots represent the response of the forearm blood 
flow to an intravenous infusion of noradrenaline. The circles represent the flow during 
& period of hyperventilation comparable to that produced by the noradrenaline. Other 
conventions as in Fig. 1. 


Respiration ‘play-back’. In five cases the forearm blood flow was recorded 
both during intravenous noradrenaline and during hyperventilation of a degree 
comparable with that produced by the noradrenaline. In three cases there was 
@ transient and a sustained increase in flow with the noradrenaline but no 
change with the hyperventilation alone (Fig. 4). In the other two cases there 
was no sustained increase with the noradrenaline nor with the ‘play-back’ 
though the degree of hyperventilation was as great as in the previous three 
cases. 

In one experiment the following procedures were carried out: 

(a) The respiratory movements were recorded for 10 min with the subject 
at rest while an intravenous saline infusion was maintained and the forearm 
blood flow was measured. 

(b) The record of the respiration was ‘played back’ and the subject con- 
centrated on following the pattern. This manoeuvre was easily performed and 
had no effect on the level of blood flow. 

(c) The resting record was again played back and this time 20 .g/min of nor- 
adrenaline were added to the infusion. The subject again followed the resting 
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record and was able to resist the strong stimulus to hyperventilate for 54 min 
at the end of which time he had to give up. The noradrenaline infusion was 
immediately stopped and a period of uncontrolled hyperventilation followed. 
The forearm blood flow during the infusion period showed a typical nor- 
adrenaline response, with an initial transient increase followed by a sustained 
vasodilatation, although the respiration during this period followed the resting 
pattern. 


DISCUSSION 


The direct effect of noradrenaline on the forearm is to cause a reduction in flow, 
as exemplified by the intra-arterial infusions of 74, #y, and 75 wg/min (Fig. 1). 
These doses were chosen because it was calculated that the amount of nor- 
adrenaline reaching the forearm during an intravenous infusion of 10—20 »g/min 
would probably lie within this range and hence the results of infusion by the 
two routes could be compared (Whelan, 1952). 

When the drug is given intravenously this reduction in flow does not occur. 
There is, following a transient ‘spike’, either no change or an increase in flow. 
After nerve block or acute sympathectomy, however, a sustained constrictor 
response is now obtained with intravenous administration (Figs. 2, 3). The fact 
that this reduction in flow can be demonstrated in the acutely sympathecto- 
mized or nerve-blocked limb while the usual increase is present at the same 
time in the opposite control forearm, shows that the sustained increase is not 
due to the rise in blood pressure consequent upon the intravenous noradrenaline 
(Barcroft & Konzett, 1949; Barnett, Blacket, Depoorter, Sanderson & Wilson, 
1950), but must be the result of a vasodilatation of the forearm vessels. 

It thus appears that noradrenaline has two opposing effects on the forearm 
blood vessels: (a) a direct constrictor action; (6) an indirect dilator action 
mediated by the sympathetic nerves. 

The fact that there is no change, or an increase in flow, with intravenous 
infusion must be explained by vasodilatation of muscle vessels, since the skin 
vessels are known to be constricted (Barcroft & Konzett, 1949). 

The fall in forearm flow to about one-third of the resting level produced by 
intra-arterial infusion is unlikely to be caused by skin constriction alone 
(Barcroft & Edholm, unpublished), and hence it seems reasonable to suppose 
that noradrenaline’s direct action is to constrict muscle vessels as well as those 
of the skin. Its direct constrictor action on the limb muscle of the cat was 
demonstrated by Folkow, Frost & Uvniis (1948) and Cobbold & Vass (1953). 

This conception of a direct constrictor and an indirect dilator action of 
noradrenaline would explain the variable results of intravenous infusion of the 
drug since the pattern of response will depend on the summation of the two 
opposing effects. In one subject in whom the nerves to one forearm had been 
blocked, this side showed a constriction while the control forearm, with a 
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resting flow of 50%, that of the blocked side, showed an increase. Later in the 
experiment the subject was warmed up and the flow in the control forearm 
rose to equal that on the blocked side. Noradrenaline now caused a decrease 
in flow in both forearms (Fig. 2, E.B.). Another subject showed no change in 
flow with noradrenaline under resting conditions; he was then indirectly 
heated to release sympathetic tone and a well-marked constriction was 
obtained. 

The forearm dilatation with intravenous noradrenaline described above is 
not usually seen in the calf (de Largy, Greenfield, McCorry & Whelan, 1950), 
and some workers have reported small decreases in forearm flow (Duncanson, 
Stewart & Edholm, 1949; Barnett et al. 1950). Such differences are probably 
explained by the way in which the direct and indirect effects summate and the 
predominance of one or the other in different sites. In seven experiments on 
six subjects in which both forearm and calf blood flows were observed simul- 
taneously during noradrenaline infusions, it was found that when a sustained 
dilatation was present in the forearm no change occurred in the calf; when the 
response in the forearm was small or when there was no change, the calf 
usually showed a slight decrease. 

The fact that a constriction with intravenous infusions was not obtained in 
all of the sympathectomized forearms 2} months or more following operation 
may be related in some way to the phenomenon of return of intrinsic tone in 
the sympathectomized vessels (Barcroft & Walker, 1949). This return of tone 
appears also to be the cause of the difference in the responses of the acutely 
and chronically sympathectomized forearms to adrenaline infusions (Whelan, 
1952). 

While the experiments described do not explain the mechanism whereby 
intravenous noradrenaline produces the sympathetically mediated dilator 
response in the forearm muscle, the ‘play-back’ procedure (Fig. 4) indicates 
that it is not a consequence of the accompanying increase in respiration (Clarke, 
1952). The central effect might be a direct action of the drug on the vasomotor 
centre or might be a consequence of the rise in blood pressure acting on the 
baroreceptors. 


SUMMARY 

1. Intravenous noradrenaline often causes a sustained increase in forearm 
muscle blood flow. This dilator response is abolished if the sympathetic nerves 
are cut or blocked with local anaesthetic. 

2. Intra-arterial noradrenaline causes a decrease in forearm muscle blood 
flow. 

3. It is concluded that noradrenaline when given intravenously has two 
Opposing actions: a direct action which is constrictor and an indirect action 
which is dilator to the muscle vessels. 
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4. The indirect dilator action is mediated by the sympathetic nerves. 
5. The effect of a given intravenous infusion is therefore the resultant of 
these two opposing actions. 


Our thanks are due to those patients, colleagues and medical students who volunteered as 
subjects, and to Prof. Sir James Patterson-Ross, Mr J. B. Kinmonth and Mr F. B. Cockett who 
permitted access to their patients. We are indebted to Mr G. T. Hales for technical assistance. 
Certain of the expenses were defrayed by a Medical Research Council grant to H. Barcroft. One 
of us, P. Gaskell, is a Life Insurance Medical Research Fellow. 
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THE CONCENTRATION OF SYMPATHIN IN DIFFERENT 
PARTS OF THE CENTRAL NERVOUS SYSTEM UNDER 
NORMAL CONDITIONS AND AFTER THE 
ADMINISTRATION OF DRUGS 


By MARTHE VOGT 
From the Department of Pharmacology, University of Edinburgh 
(Received 5 August 1953) | 


The presence of noradrenaline and adrenaline in the brain has been demon- 
strated by von Euler (1946) and Holtz (1950). These substances were supposed, 
undoubtedly correctly, to occur in the cerebral vasomotor nerves. The present 
work is concerned with the question whether these sympathomimetic amines, 
besides their role as transmitters at vasomotor endings, play a part in the 
function of the central nervous tissue itself. In this paper, these amines will be 
referred to as ‘sympathin’, since they were found invariably to occur together, 
with noradrenaline representing the major component, as is characteristic for 
the transmitter of the peripheral sympathetic system. 

A first approach to the problem of the function of cerebral sympathin was 
the determination of its distribution in different parts of the brain and spinal 
cord. Such an approach had proved fruitful in the investigation of the func- 
tional role of the enzyme system cholinacetylase (Feldberg & Vogt, 1948), the 
concentration of which was found to vary greatly in different regions. This 
had suggested that only certain neurones made use of acetylcholine as their 
transmitter substance. As briefly reported elsewhere (Vogt, 1952a), sym- 
pathin, too, was found to possess a specific pattern of distribution. This very 
fact suggests, though it does not prove, that these amines play a part in the 
specialized function of those regions of the brain in which their concentration 
is high. A detailed map of the pattern of distribution of sympathin was 
prepared in the dog: it forms the first part of this paper. 

The second part deals with changes in the concentration of brain sympathin 
produced by drugs and the inferences which may be drawn from such 
observations. | 

Since it was known that the total amounts of sympathin in the central 
nervous system were very small (between 20 and 200 ng/g* according to 


* lng=10-* g. 
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Holtz, 1950), and useful mapping of the sympathin content of brain required 
the examination of small quantities of tissue, success depended on the use of 
sufficiently sensitive methods of amine determination. The amines were 
extracted from portions of fresh brain ranging in weight from 10 to 250 mg, 
the extracts purified, and submitted to paper chromatography. The parts of 
the paper which might contain any noradrenaline and adrenaline were eluted 
separately, the eluates evaporated and taken up in a small volume of water. 

This final solution was assayed biologically, the noradrenaline on the rat’s 

blood pressure and the adrenaline on the rat’s uterus. Given sensitive pre- 

parations, it was possible to detect concentrations as low as 10ng noradrenaline 
and 5 ng adrenaline per g fresh tissue. 


METHODS 


The estimation of sympathin in different regions of the normal brain was carried out on dogs bled 
under chloroform anaesthesia. In a few instances intravenous pentobarbitone sodium was used 
instead of chloroform. The results were similar, Most of the experiments on the effects of drugs 
were done on cats, but a few litters of puppies were also used. The drugs were given subcutaneously, 


Operations 

ether, both cervical sympathetic chains traced and cut, and both superior cervical ganglia exposed 
so that they could be rapidly excised later. The distal end of one of the sympathetic trunks was 
threaded through a fluid electrode (Collison, 1933) and stimulated with sixteen break-shocks per 
sec from a Lewis interrupter connected to an induction coil; 4 V were supplied to the primary 
coil. The responses of the pupil, lid and nictitating membrane were observed. Stimulation was 
carried out for periods of 5 min with intervals of 2 min for as long as good responses were obtained. 

Aseptic extirpation of both superior cervical ganglia for the purpose of allowing degeneration of 
the postganglionic sympathetic fibres to take place was done on two cats anaesthetized with ether. 
Recovery from the operation was uneventful. 

Deneryation of the left adrenal was performed on a series of cats in an aseptic operation under 
ether. Through a midline abdominal incision the larger and lesser splanchnic nerves were severed 
_and the first three lumbar sympathetic ganglia extirpated on the left side. Twice, the operation 
was carried out on both adrenals. The cats were injected with drugs several weeks after the 
operation when they had regained their preoperative weight. ? 


Administration of drugs | 

Insulin was injected after an overnight fast. Solutions of f-tetrahydr hthyl 
obtained by dimolving the carbonste in « small exoees of HCl and edjusting the pH to neutrality 
with NaHCO,. All other drugs were dissolved in 0-9% NaCl. 


Dissecti 
The skull or the spinal canal was opened as fast as possible, the dura removed and the brain or 
cord taken out. The pia mater was stripped off from the parts to be used. In order to keep the time 
of dissection short, no more than eight, and usually fewer, samples were taken from one brain. 
_ The order in which different parts were taken was intentionally varied. Storage of one half of 
a hypothalamus in the frozen state for 1 hr, while the other half was worked up without delay, 
did not cause any detectable loss of sympathin from the stored half. 


using the maps published by Klempin (1921). * 
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The term ‘medial thalamic nuclei’ denotes the massa intermedia and its neighbourhood, and 
includes part of the anterior and most of the medial thalamic nuclei. 

Unless otherwise stated, the hypothalamus did not include the infundibular stalk, the preoptic 
region or the corpora mammillaria. It included the supraoptic nuclei, but the optic chiasma was 
always dissected off. 

‘Hypothalamus, regio preoptica’ is the transitional part between hypothalamus and substantia 
perforata anterior. 

‘ Midbrain’, in the experiments on the action of drugs, denoted one half of one midbrain from 
which the colliculi, the basis pedunculi and the brachium colliculi inferioris had been removed. 
' The ‘superficial part of the pons’ extended anteriorly and posteriorly to the actual borders of the 
pons, laterally to a distance of 4-5 mm from the midline, and dorsally to a depth of 2 mm. 

The grey columns of the cord were obtained by freezing short pieces of the cord and punching 
out the requisite parte with a small silver punch fitted with a polythene plunger. 


Extracts 

The dissected tissue was rapidly weighed and dropped into a cooled 15 ml. centrifuge tube 
containing 1 ml. acidified ethanol (I ml. conc. HCl per |. redistilled ethanol). The tissue was 
crushed with a glass rod and the tube kept in a mixture of dry ice and acetone till homogenization. 
The further steps, consisting of grinding in a glass homogenizer, and extracting successively with 
acid ethanol, dilute watery HCl and acetone-ethanol, have been described in detail (Vogt, 1953). 
The fina] acetone-ethanol extract was applied to a cylinder of acid-washed filter-paper and 
at 26°C in phenol-HCl. Descriptions of the chromatographic procedure, 
the elution of the separated amines from the paper, the evaporation of the eluates, and the bio- 
logical assay of noradrenaline and adrenaline in the residue from the eluates have been published 

(Crawford & Outschoorn, 1950; Vogt, 19525). 


Special precautions 

Since the amounte of sdrensline and noradrenaline to be detcemined were often very email, the 
work was carried out as speedily as possible. Extracts were always prepared, purified and applied 
to the chromatography paper on the day of dissection, and the chromatogram allowed to develop 
overnight. Elutions were carried out in the morning and assays in the afternoon of the next day. 
If some assays had to be delayed, the residue of the evaporated eluate was kept overnight in the 
deep freeze (— 17° C). An inhibition of the carbachol contraction of the rat’s uterus by an eluate 
from the adrenaline portion of the chromatogram was not considered to be due to adrenaline 
unless the effect disappeared on heating. To test this, the eluate was heated for 10 min at pH 8 
in a stoppered tube immersed in a boiling water-bath. Inhibitions of uterine contractions were 
sometimes caused by eluates containing unidentified heat stable substances. 

In parts of the brain which appeared to contain little or no sympathomimetic amines, it was 
important to make sure that the extracts were not ‘masking’ any adrenaline or noradrenaline 
owing to a content of substances which antagonized the biological effects used for the assay. 
Such tests were repeatedly carried out, and when ‘interfering substances’ were found the estima- 
tions were discarded. Except for some instances discussed later under ‘ Results’, interference with 
the pressor effect of noradrenaline was largely controlled by pretreating the rate with atropine 
sulphate (2 mg/kg) and hexamethonium bromide (16 mg/kg). 

When drugs were injected into animals before the examination of their brains, controls were 
carried out in order to ensure that quantities of the drugs sufficient to affect the tissues used for 
assay were not present in the final eluates. 

In all experiments on the action of drugs on sympathin, simultaneous estimations were made on 
injected and control animals for the purpose of minimizing technical errors. No use of this fact 
has been made in drawing up the tables of results, as this would have made them very involved. 
It does, however, mean that the differences between treatments are often greater than the ranges 
shown in the tables would suggest. 
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Different biological preparations varied in their discrimination of doses; the assay was always 
done by ‘bracketing’ the unknown solutions between doses of standard differing, as a rule, by 
a factor of 2, in particularly good preparations by a factor of 1-5 or 1-4. This means that the errors 
of a single estimation were hardly ever below 20 %. 


Fluorimetry 
Fluorimetric estimation of noradrenaline was done according to Lund's (1949) method. 
A Farrand fluorimeter was used and the method slightly modified by using a little less ascorbic 
acid and a little more NaOH and adding the two separately (Crawford, T. B. B., unpublished). 
Recovery experiments 
The recovery of 0-5-1 wg noradrenaline or adrenaline added to brain homogenates was approxi- 
mately 60-75%; the main loss was incurred during the first extraction, whereas any losses due to 
the chromatographic separation or elution were too small to be detected by the biological assays. 


Travelling speed of sympathomimetic amines in brain extracts 

It is known that the R, value of substances may be affected by the presence of other com- 
pounds; the travelling speed is usually depressed. An experiment was carried out in which 
a quantity of noradrenaline sufficient to give a colour reaction with ferricyanide was added to an 
extract of 0-25 g brain, the largest amount of tissue used in a single sample in the present work. 
This mixture was applied to the base-line of a paper cylinder just as if it were an ordinary brain 
extract. After developing the chromatogram and drying it, the whole paper was sprayed with 
ferricyanide. A control drop of noradrenaline in dilute HCl had been applied to another part of 
the base-line. The position and width of the noradrenaline spot thus produced were precisely the 
same as those of the band produced by the mixture of extract and noradrenaline, There was thus 
no interference by tissue components with the R, value of any noradrenaline present in brain 
extracts. 

Extracts of adrenal glands 

Cats. The whole gland was ground with a little acid-washed, calcinated sand moistened with 
1 ml. of 0-15x-HCL. The mixture was washed into a 15 ml. centrifuge tube with a further 9 ml. 
of 0:15"-HCl. After thorough stirring, the mixture was centrifuged and an aliquot of 1 ml. added 
to 7 ml. absolute ethanol contained in a 40 ml. tube. The mixture was evaporated to dryness 
in vacuo (50° C bath temperature). The residue was transferred to a 15 ml. tube by means of small 
quantities of ethanol; the alcoholic extract was concentrated in vacuo to 0-75 ml., chilled and 
centrifuged, and the supernatant fluid was applied to paper. The residue was washed with 
0-25 ml. acetone-ethanol | : 1, centrifuged and this extract also applied to the paper. 

Rats. Single glands were homogenized in 1 ml. acid ethanol (1 ml. cone. HCI per |. ethanol), the 
homogenate transferred to a centrifuge tube by means of 3 ml. acid ethanol, chilled, spun, and 
the supernatant poured into a wide 40 ml. tube. The residue was washed with 0-5 ml. acid ethanol, 
spun and the washing added to the first supernatant. Evaporation in vacuo and further procedure 
as for cat glands. 


RESULTS 
Identification of the sympathomimetic amines in the central nervous system 
A few preliminary experiments, in which crude extracts of the dog’s hypo- 
thalamus were tested in parallel biological assays on the rat’s uterus and the 
rat’s colon (see Gaddum, Peart & Vogt, 1949), had shown the presence in these 
extracts of some substance which inhibited the acetylcholine contractions of 
both organs and might have been a sympathomimetic amine. The results of 
quantitative assays against noradrenaline and adrenaline on the two tissues 
suggested that the effects were produced either exclusively or mainly by 
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noradrenaline. The estimations were, however, greatly interfered with by sub- 
stances which stimulated the tissues used for the assay, and it was obvious 
that extensive purification would be required for satisfactory identification. 
The procedures adopted for this purpose are described in the section on methods. 

The purified brain extracts prepared for paper chromatography did not 
contain material that interfered with the speed of travel of noradrenaline 
added to these extracts (see ‘Methods’). With these purified extracts, evidence 
that one of the amines extracted from brain was indeed noradrenaline was 
obtained as follows: a chromatogram of brain extract was cut up into horizontal 
strips and the eluates of each strip were tested on the rat’s blood pressure. The 
only eluates with pressor activity were those from strips cut at a height 
corresponding to the place taken up on the control strip by noradrenaline. 
In addition to the pressor material in the noradrenaline region, extracts of 
hypothalamus, but not of other parts of the brain, formed a second band of 
pressor activity near the front of the paper. It is due to a vasopressin-like 
substance which has been made the subject of a separate paper (Vogt, 1953). 

Further confirmation of the identity of the pressor amine from brain 
extracts with noradrenaline was obtained by comparing the alkali resistance 
of the extracted pressor substance with that of noradrenaline. In such tests 
it is essential not to dissolve the noradrenaline used for comparison in physio- 
logical salt solution but in a brain extract free from noradrenaline, since the 
noradrenaline is destroyed more rapidly in salt solutions than in eluates of 
brain extracts. When this precaution was taken, no difference was found in the 
alkali stability of pressor amine from tissue and of noradrenaline. 

Another property in which the pressor substance from brain and noradrenaline 
were indistinguishable was the way in which their pressor effects were inhibited 
by dibenamine. Apart from its Ry value, the most convincing evidence, 
however, for the identity of the eluate of the noradrenaline portion of a chroma- 
tographed brain extract with noradrenaline was its assay by Lund’s fluori- 
metric method. Thus an extract from hypothalamus was found by bioassay 
to contain 1-5yg, and by fluorimetry 1-4g noradrenaline per g of tissue. 

The procedures of identification were carried out mainly with hypothalamic 
extracts, since these contained the largest quantities of the amine. It would 
appear unlikely that the eluates of the noradrenaline portion of the chromato- 
gram of other parts of the brain did not contain the same substance, whenever 
they were found to be pressor. The shape of the pressor response affords some 
indication of the nature of the agent injected. Except for an unidentified 
compound found in the amygdaloid nuclei and in extracts from the cingulate 
gyrus (see below), there was no reason to suspect that pressor substances 
obtained from other parts of the brain were different from noradrenaline. 

Owing to the very small quantities of material involved, the identification 
of the adrenaline fraction of ‘sympathin’ is based only on the facts that it was 
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being eluted from the adrenaline portion of the chromatogram, that it inhibited 
the carbachol contractions of the rat’s uterus and that it was destroyed by 
10 min heating to 100° C at pH 8. 


The position taken wp in the chromatogram by other biologically 
active substances 


subjected to paper chromatography. It is there- 
PIT 
‘Oy 
HIS 
the adrenaline strip, but it was not identified in 


fore useful to know the place taken up in the 
eluates from brain, though it is known to occur ( 


chromatogram by those substances, usually bases, 
known to occur in brain tissue and to exert 
pharmacological actions. Histamine does not . 
travel far from the base-line and would be found 
in and just above the noradrenaline strip 
(Fig. 1, HIS). The quantities occurring in brain 

in the central nervous system (Amin, Crawford & 

Gaddum, 1953). Polypeptides travel faster still, 

and thus substance P (von Euler & Gaddum, 

1931) and posterior lobe hormone are found 

near the front of the paper above the adrenaline * 
region. In assays on the blood pressure, they Fig. 1. Regions to which some sub- 


In addition to sympathomimetic amines, many constituents of brain tissue 
are soluble in acid ethanol and water and will thus be present in the extracts 
are very small (Harris, Jacobsohn & Kahlson, 

1952), and therefore do not represent a practical 

obstacle, since neither the rat’s blood pressure 

nor the rat’s uterus respond to the fraction of a 

microgram which might be present. 5-Hydroxy- 

tryptamine travels faster, and part of it con- 

taminates the adrenaline eluates. In extracts 

of blood it was sometimes found in eluates of 

antagonize each other. Though both are found 

in the brain, they are well separated from the 

adrenaline region, and no further steps need be 

taken for their elimination. Acetylcholine may 

occur in eluates from brain. According to 

Outschoorn (personal communication), it spreads 

diffusely over the paper. Its effect on the blood 

pressure can be readily abolished by atropine. 


stances occurring in brain tissue 
travel on paper in phenol/HCi. 
The solutions were applied at X. 
NOR, noradrenaline; HIS, 
histamine; AD, adrenaline; 
HAT, 5-hydroxytryptamine ; 
PIT, posterior lobe hormone; 
P, substance P of v. Euler & 
Gaddum (1931); F,, front. 


This completes the list of the known biologically active basic compounds 
present in brain. Frequently, however, depressor responses were elicited by 
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eluates of the noradrenaline strip prepared from certain parts of the brain. 
Since no known compound accounts for these effects, their sporadic occurrence 
indicates that there are more, perhaps many more, ethanol soluble and bio- 
logically highly active compounds distributed unevenly in the central nervous 
system. 

Distribution of sympathin in the central nervous system 
Tables 1-3 and Fig. 2 give a survey of the results in the dog. Table 1 lists 
the regions ‘rich’ in noradrenaline, Table 3 the parts which contain very 
little (<0-1 g/g), and Table 2 the regions with intermediate values. 


Fig. 2. Medial sagittal section of a dog’s brain. Distribution of noradrenaline. A, 1-0 pg/g; 
+, >0-4 <1]Oypg/g; O, >0-3 <0-4yg/g; —, >0-2 <0-3yg/g fresh tissue. 


Two regions stand out above all others by their high concentration of 
noradrenaline, the hypothalamus and the area postrema. The next highest 
concentration is recorded in the grey stratum around the aqueduct (5, Table 1) 
and not much less is found in other parts of the midbrain, except for the 
colliculi (15, 16, Table 2) and the myelinated fibre tracts. The more cellular 
parts of the medulla oblongata (8-12, Table 1) contain about a third of the 
hypothalamic concentration. The only other part of the brain in which a 
moderately high amount of noradrenaline is found is the medial part of the 
thalamus. 

In the tissues shown in Table 2 and in areas 3 and 4 of the cortex (Table 5), 
the concentration is lower still, but higher than in all other parts of the brain 
which were examined and which contained less than 10% of the amount in 
the hypothalamus. Since every tissue supplied by vasomotor nerves will con- 
tain a little sympathin derived from the postganglionic nerve fibres, amounts 
below 10% of the hypothalamic concentration may well consist entirely of 
vasomotor sympathin. Amongst the regions lacking in appreciable amounts 
of sympathin are all myelinated fibre tracts, the cerebellum and most of the 
telencephalon. Conversely, the highest concentrations are found in those 
macroscopically translucent regions associated with autonomic activity and 
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Tasie 1. Noradrenaline in the dog’s brain; concentrations above 0-24 ug/g 
No. of 


H | cl 2 and 3 


ic nuclei 


Mesencephalon 

5. Stratum griseum centrale 

6. ‘Midbrain’* 

7. Red nucleus and fossa interpeduncularis 

Medulla oblongata 

8. Region of nuclei X and XII 

9. Formatio reticularis, post. part 
10. Formatio reticularis, ant. part 
ll. Area acustica 
12. Central part of floor of fourth ventricle 
13. Area postrema 


dogs 


31 
2 

12 


ll 


* After removal of colliculi, basis pedunculi and brachium colliculi inferioris. 


Tasie 2. Noradrenaline in the dog's brain; concentrations between 0-2 and 0-1 ug/g 


No. of 


genic 
19. Nucleus (and funic.) 
gracilis and cuneatus 


2 


Range 
0-12 -0-30 
0-10 -0-21 
0-10 -0-16 
0-025-0-25 


<0-09 -0-15 


0-08 -0-22 


0-15 -0-20 
0-11 -0-24 
0-12 -0-12 


* Individual areae, see Table 5. 


TasBLe 3. Noradrenaline in the dog’s brain; concentrations below 0-1 ug/g 


Amygdaloid nuclei 

Caudate nuclei 

Several cortical areae* 

Tuber olfactorium 

Cornu ammonis, grey matter 
White matter 

Brachium conjunctivum 

Corpus callosum 

Pyramid 


Spinal tracts 
Cornu ammonis, white matter 


nerve 
bum centrale 
. Posterior roots 


41. Cerebrospinal fluid 


5 


52222532828 


Number of dogs in brackets. When there are several estimations, the mean is given. 


* For details see Table 5. 
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Range Mean 
0-6 -1-76 1-03 
0-32-0-50 0-41 
0-18-0-32 0-28 
F M 0-12-0-40 0-24 
0-27-0-80 0-42 
q 6 0-24-0-60 0-37 
7 0-15-0-36 0-26 
4 0-12-0-50 0-31 
4 0-30—0-45 0-34 
i — 0-36 
2 0-33—0-45 0-39 
5 0-10-0-40 0-27 
13 0-70-2-00 1-04 
dogs Mean 
a 14. Pons, ventro-medial 5 0-20 
; 15. — colliculi 4 0-16 
| 4 0-11 
4 17. Cortex, a . 26 0-11 
3 0-13 
4 0-11 
r 20. Anterior horns 2 0-18 
21. ‘Lateral’ horne 0-19 
22. Posterior horns 2 0-12 
abo thalamic nuclei (7) 
teral geniculate body (2) 
Cerebellar cortex (4) 
(3) 
3 (4) 
(16) 
(3) 
(3) 
(1) 
(1) 
(1) 
(1) 
Cerebellar fibres (1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(2) 
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containing predominantly ganglion cells of small diameter and many non- 
myelinated fibres. 

Localization within the hypothalamus. Attempts were made at localizing 
more precisely the site of the noradrenaline in the hypothalamus itself. The 
tissue was divided into anterior and posterior, lateral and medial, and dorsal 
and ventral halves. The medial part contained more noradrenaline (Table 4) 
but also fewer medullated fibres, so that the concentration in the grey matter 
of the lateral half may not be lower. Anterior and posterior hypothalamus did 
not show consistent differences in sympathin content; this is of some interest 


TaBLE 4. Noradrenaline content (ug/g) of different parts of the dog’s hypothalamus 


No. of 
dogs Range Mean 
Ventral 4 0-60-—1-20 0-95 
Dorsal 4 0-12-0-64 0-43 
Medial 0-8 -1-6 1-12 
Lateral 3 0-5 -1-2 0-71 
Anterior 3 0-54-1-15 0-86 
3 0-54-1-50 0-86 


TaBLE 5. Noradrenaline (g/g) in different cortical areas of the dog 


No. of 
| Area dogs Range Mean 
4 (motor) 5 0-10 -0-24 0-18 
(olfactory) 3 009 O12 
51 | ) 
23 and 364 (accoustic) 4 0-04 -0-06 0-05 
os ‘ 0-04 -0-10 008 
(ant. ci te gyrus | 
23 and 24 (medial te gyrus) 1 — 0-09 
26, 29 and 30 (post. c te gyrus) 3 0-06 -0-13 0-09 


because of the controversial question whether the anterior hypothalamus is 
the site of parasympathetic, and the posterior hypothalamus of sympathetic 
centres. In this particular histochemical aspect at least, the two regions 
resemble each other. A definite concentration gradient, however, was found 
when the hypothalamus was divided into dorsal and ventral parts, the latter 
containing more noradrenaline than the former. Noradrenaline is not present 
in any large amounts in either lobe of the pituitary. It was not possible to decide 
whether small concentrations are present, since traces of posterior lobe hormone 
remained in the noradrenaline strip of the paper and interfered with the assays. 

Telencephalon. All cortical areas, including those which project to the 
hypothalamus, contain very little noradrenaline (Table 5). Some differences 
between areas do, however, exist as shown by the consistently higher values 
found in areas 3 and 4 as compared with areas 17, 20 and 36a. Another 
telencephalic grey mass, the caudate nucleus, contains merely traces of 
sympathin. 
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A complication arose in the assay of the amygdaloid nuclei and of the areas 
of the posterior cingulate gyrus. Slight pressor effects were obtained from 
extracts of these regions, but, being quite abrupt and short lived, they were 
different in shape from rises in blood pressure produced by noradrenaline. 
The responsible substance could not be identified, but the results leave no 
doubt that whatever amounts of noradrenaline were present must have been 
very small. 

The midbrain. The grey matter around the aqueduct contained more 
sympathin than the remaining midbrain. Consistent differences were not 
found between the tegmentum and the region around the fossa interpedun- 
cularis, but the colliculi and basis pedunculi (the latter in concordance with 
its high content in myelinated fibres) contained less than the tegmentum. 


Taste 6. Noradrenaline (ug/g) in the dog’s thalamus 


Medial nuclei Lateral nuclei 

0-12 0-03 

0-29 <0-12 

0-23 0-075 

0-40 0-12 

027 0-08 (dorsal ) 

{0-10 

Mean 0-234 Mean 0-079 


The thalamus. Because of their entirely different function, it seemed im- 
portant, in the dissection of the thalamus, to separate the medial (and anterior) 
from the lateral nuclei. Table 6 shows the result of this separation in six dogs. 
The medial nuclei are invariably much richer in noradrenaline, whereas the 
lateral nuclei show only a negligible concentration: Since medial and lateral 
thalamic nuclei do not differ only in their functional connexions, but also in 
their cell density, which is less in the lateral nuclei, it was necessary to 
ascertain whether the sympathin content was related to cell density rather 
than to functional connexions. A further separation was made between the 
dorsal and ventral parts of the lateral nuclei. There, too, there exists a gradient 
in cell concentrations, this time in favour of the dorsal nuclei. The content of 
sympathin, however, was the same, so that there is no reason to assume that 
mere density of cells explains the higher sympathin content of the medial 
thalamic nuclei. 

The bulb. This part was divided in many different ways in an attempt at 
localizing its sites of highest concentration of sympathin. The results were 
disappointing in that differences found in one experiment were difficult to 
reproduce. It is not likely that the difficulty of repeating exactly the same 
macroscopic dissection was mainly responsible: substances which interfered 
with the biological assays were encountered more frequently in this than in 
other parts of the brain ; they were mostly depressor and, of course, found in 


ve 


~. 
an 


BRAIN SYMPATHIN 461 


the part of the chromatogram which contains the noradrenaline. It was, 
however, obvious that the whole floor of the fourth ventricle, cut about 3 mm 
deep, and the formatio reticularis were rich in sympathin. A single spot of 
very high concentration was the area postrema, a tissue devoid of ganglion 
cells and therefore not part of the brain proper. It had to be carefully removed 
when the sympathin content of the underlying nuclei of the Xth and XIIth 
nerves was being examined. 

Spinal cord. The grey columns of the spinal cord were of some interest in 
view of the fact that the efferent sympathetic paths end in the lateral horns. 
Owing to their small width, attempts at dissecting the anterior, lateral and 
posterior horns separately, met with technical difficulties, particularly when 
dissection of the lateral horns was being attempted. Some surrounding tissue 


Tas 7. The proportion of adrenaline in hypothalamic sympathin. 
Normal] animals and cats injected with drugs. 


Adrenaline in hypothalamus 
ng*/g % of total amines 
Dogs None 14 60-240 170 6-25 13-7 
Cats None 7 35-184 04 2-5-11 6-5 
Cats 2 80-120 100 5-7-5 6-2 
Cats 7 20-160 85 2-11 6-0 
Cats 4 30- 60 52 4-9 7-2 
nap 
Cats 6 20- 40 30 3- 6 4:3 
Cats Picrotoxin . 3 35- 70 55 5-11 70 
For doses of drugs refer to Table 9. 
* lng=10-* g. 


was invariably included. There is, however, little doubt that the posterior 
horns contained less sympathin than the remaining spinal grey matter. All 
figures may have been too low owing to the long duration of the dissection. 

Individual differences. Though the pattern of distribution was the same in 
all dogs, thé absolute amount of sympathin varied considerably. Table 6 gives 
examples for thalamic noradrenaline. Generally speaking, low figures were 
more frequent among large and among very young animals. The effect of size 
may be an artifact due to the longer time required for anaesthesia and 
dissection. 

Adrenaline. Table 7 represents the amount of adrenaline found in a series of 
extracts of hypothalamus. It is expressed in absolute figures and as percentage 
of the total amines. The percentage for the normal dog varies between 6 and 
25° with a mean of 13:7%. A few estimations were made of the adrenaline 
content of a large number of regions in order to see whether the relative 
proportion of the two amines varied in different parts of the brain. The total 
range of the figures lay between 5 and 20 with a mean of 10-3%. These values 
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are not significantly different from those for the hypothalamus. Thus there 
does not appear to be a consistent regional difference in the composition of 
brain sympathin. The adrenaline content of the area postrema and of the 
cerebrospinal fluid follow the general trend, the adrenaline concentration (as 
percentages of total amines) amounting to 12-5 and 9-1% respectively. 
Species differences. The main features of the distribution of sympathin in 
the dog’s brain were confirmed in the cat. Here the average concentration in 
the hypothalamus was greater than in the dog (see Table 9, row 1), reaching 
not infrequently 2yg/g fresh tissue. A single experiment on the rat’s hypo- 
thalamus showed that there, too, sympathin was present. The cat’s area 
postrema presented a particular puzzle. Extracts from this region, after 
elution from the chromatogram, were depressor, the fall in blood pressure 


Tasxe 8. Peripheral sympathetic nervous system; adrenaline and 
noradrenaline content (dog) 


Adrenaline, percentage 
Noradrenaline, ug/g of total amines 
No. of of 
estima- 


estima- 
tions Range Mean tions Range Mean 
10 3-0 -12-0 6-81 9 2-6 
— 


Nn. 3 0-84— 2-4 1-61 


being usually followed by a rise. The response did not look unlike that of a 
mixture of histamine and noradrenaline. Since histamine travels to the same 
part of the chromatogram as noradrenaline, one such extract was tested on the 


guinea-pig’s ileum. No histamine was, however, found, and the nature of the 


depressor substance remains unknown. It is not substance P, since this travels 
to a different part of the paper (see Fig. 1). 

One last difference between the sympathin in the brain of the cat and the 
dog is its content of adrenaline. Table 7 gives a survey of the proportion of 
adrenaline found in hypothalamic sympathin in fourteen normal dogs and 
seven normal cats. Though there is partial overlap, on the average the percen- 
tage adrenaline is higher in the dog. 


Peripheral sympathetic system 
The high content of sympathin of the sympathetic nerves and ganglia of 
horses and cattle has been demonstrated by von Euler (1946), A table of 
figures obtained in the dog with the technique described in this paper is shown 
(Table 8) in order to serve as comparison with the results on the brain. It will 
be seen that the sympathetic ganglia of the dog contain about 5 to 6 times more 


sympathin than the hypothalamus. The average percentage of adrenaline is 
lower than in the brain (3% of total amines). <a 
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Cervical sympathectomies 

An experiment was carried out in which the sympathin in the hypothalamus 
was compared in a normal cat and in two cats in which the superior cervical 
ganglia had been extirpated and the postganglionic fibres allowed to degenerate. 
In the operated cats, the concentration of noradrenaline amounted to 1-2 and 
1-5ug/g, while the figure for the control cat was 1-2yug/g. The amount of 
adrenaline was also the same (0-14 g/g) in the operated and normal cats. The 
hypothalamic sympathin was thus not affected by the cervical sympathectomy. 


TaB_e 9. Effect of drugs on hypothalamic noradrenaline in cats 


Noradrenaline 
Total No page 
dose Duration of A %of 
Drug (mg/kg) (hr) cate Range Mean normal 
None 19 090-1-92 1-38 
Choline p- ether 50 5 3 144180 166 #120 
bromide 6) 
50-60 5 120-200 £157 
Ephedrine sulphate 20-1 47 
Ergometrine maleate 3-5-7 4 5 080-1-90 1-34 97 
A 5- 1- 
2 08 -1-2 1-00 72-5 
1-5-1-8* 7 064-128 666 
Nicotine bitartrate 12-17 4 060-120 0-88 63-8 
ine HCI. 30-60 3-5 1l 048-120 O78 6566 
M 36 4p 4} 3 030-096 0-64 46-4 
50 
B-Tetrahydro-naph- 40-60 34-6 ll 027-112 558 
thylamine carbonate 
xin 1-0-1-5 4} 2 060-072 0-66 47-8 


Except for ether, all drugs were given by subcutaneous injection. The larger amounts of 
caffeine, leptazol, apomorphine, nicotine, morphine and f-tetrahydronaphthylamine were given 
in divided doses at intervals of 2 or 3 hr. The caffeine was injected as the sodium benzoate double 
salt, but the doses are given as free base. 

* iu./kg. 

The means marked f¢ are significantly (P <0-05) different from the control mean of 1-38. 


The action of drugs on hypothalamic sympathin 

A survey of the results obtained on cats is found in Table 9; Tables 10-12 
contain the results on dogs. 

In the experiments of Table 9, most drugs were given in doses sufficient to 
cause signs of central excitation or paralysis. Choline p-tolyl ether caused no 
signs, but leptazol and caffeine were used up to convulsive doses. Ephedrine 
caused only pupillary dilatation, but ergometrine produced sham rage, and 
apomorphine excitement, sham rage and sometimes convulsions. Ether was 
used in a concentration producing light surgical anaesthesia, insulin up to doses 
leading to convulsions or coma. Nicotine caused sickness in two and con- 
vulsions in the other two experiments. Morphine elicited excitement and 
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often convulsions, f-tetrahydronaphthylamine sham rage and picrotoxin 
convulsions. 

It will be seen from the last column of Table 9 that the drugs listed in the 
upper part of the table did not change the noradrenaline content of the hypo- 
thalamus, whereas those of the lower part of the table reduced it. The experi- 
ments with insulin, morphine and -tetrahydronaphthylamine were done on 
a sufficient number of cats to obtain mean depressions of noradrenaline which 
were statistically significant. Ether was only tried on two cats, but there 
seemed no need to increase the number of ether anaesthesias, since a significant 
depletion of hypothalamic noradrenaline by ether was seen in four puppies 
(Table 10). In the experiments with apomorphine, the mean concentration of 
hypothalamic noradrenaline was not significantly lower than normal. Never- 
theless, three cats had noradrenaline concentrations below the smallest ever 
encountered in the large series of nineteen control cats; it would be unreason- 
able to assume that these figures did not represent genuine reductions in 
noradrenaline: the correct conclusion appears to be that apomorphine produces 
these effects in some cats and not in others. 

It was not possible to correlate the fall in sympathin with the severity of 
the clinical signs, at least not with the occurrence of convulsions. A possible 
correlation with the secretion of adrenaline will be discussed below. 

The reason for including the tolylester of choline (TM 6) in the investigation 
was the demonstration by Brown & Hey (1952) that it inhibits amine oxidase. 
Cats given the compound by itself had hypothalamic noradrenaline concentra- 
tions lying within the normal limits. Cats given the choline ether, together 
with morphine, had concentrations similar to those after morphine alone. 
The choline ether thus did not alter the normal noradrenaline content of the 
hypothalamus or its reduction by morphine. 

Experiments of less than 3 hr duration are not included in the table, 
because drugs which depleted the hypothalamic noradrenaline when allowed 
to act for periods of 3 hr or more, rarely did so if the animal died within the 
first 2 or 24 hr of the experiment. Thus normal noradrenaline concentrations 
were found in experiments of short duration with picrotoxin, morphine and 
B-tetrahydronaphthylamine. 

The effect of drugs on the relative proportions of adrenaline and nor- 
adrenaline in the hypothalamus is seen in Table 7. Of the five drugs tested, 
caffeine and ergometrine belong to the group which does not lower the nor- 
adrenaline content of the hypothalamus. The absolute and relative concentra- 
tions of adrenaline fall completely within the normal range after caffeine and 
they are not significantly lower after ergometrine. On the other hand, the last 
three drugs (8-tetrahydronaphthylamine, morphine and picrotoxin), all de- 
pleting noradrenaline, produce also a large fall in the absolute amounts of 
adrenaline. The relative proportion of the two amines, however, remains 
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within the normal limits. It appears, therefore, that depletion by drugs of 
hypothalamic sympathin affects adrenaline and noradrenaline alike. 


Effect of drugs on parts other than the hypothalamus 
Midbrain and pons. A first attempt at discovering whether the drugs which 
caused a loss in the noradrenaline from the hypothalamus also affected other 
parts of the brain was made by measuring the noradrenaline in the superficial 
medial part of the pons. The variation, however, of pontine noradrenaline was 


200 F- 050 
1-80 Hypothalamus 0-45 
1-40 0-35 
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Fig. 3. The left ordinate represents hypothalamic, the right ordinate mesencephalic noradrenaline, 
both in yg/g fresh tissue. Each column in the left part of the figure shows the noradrenaline 
of the hypothalamus of an individual cat, with the corresponding figure for the midbrain in 
the right part (broken columns). The cats had been injected with the drug indicated at the 
bottom. L, leptazol; A, apomorphine; 7’, 8-tetrahydronaphthylamine, M, morphine. Doses 
as in Table 9. 


so great that no consistent results were obtained. The midbrain was then used, 
the colliculi, the basis pedunculi and the brachium colliculi inferioris having 
been removed because these structures contain very little noradrenaline and 
were thus decreasing its concentration in the final extracts. Results with this 
trimmed ‘midbrain’ were much more consistent, and the results obtained on 
& group of ten cats are presented in Fig. 3. 
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The scales of ordinates for the hypothalamus (left) and the midbrain (right) 
were so chosen, that the horizontal line represents the normal average 
in pg/g for both tissues. The columns representing the ten noradrenaline 
estimations in the hypothalamus follow each other in the same order as the 
columns representing the assays of the corresponding midbrains. The pro- 
portionality between noradrenaline concentrations in hypothalamus and mid- 
brain is by no means complete, but it is quite obvious that the first five cats do 
not show depletion in either part of the brain, also that the next four cats have 
suffered a moderate loss of noradrenaline in hypothalamus and midbrain, 
and that the unusually severe depletion of the hypothalamus in the last cat 
is reflected by an equally severe depletion of the midbrain. 


Normal Ether 

— A cr A ‘ % of normal 

ng*/g (ng) ng/g (ng) Conen. Total 

Area 1000 17-0 1500 16-0 — — 
113 
1600t 13-9 — 

Mean 927 14-4 1450 14-45 156-5 100-0 
Mean 897 507 — 56-6 
400 — 300 
380t — ~ 
Mean 360 — 233 64-7 


Litter 2 (figures marked by a dagger) was 8, litter 1, 10 weeks old. 
* Ing=10- g. 


Area postrema. The experiments had to be done on dogs, since the area 
postrema of the cat contains substances which interfere with the assay. In 
order to reduce the error, litters of three or four puppies were used and control 
and test animals taken from the same litter. Three drugs were tried: ether, 
morphine and apomorphine. It will be seen that significant depletion of 
hypothalamic noradrenaline was obtained by prolonged ether anaesthesia 
(Table 10), but that the noradrenaline content of the area postrema was not 
diminished. The figures for the latter are given both as concentrations and as 
total amounts. When dissecting this organ which weighs only 10-20 mg, the 
inclusion in the portion to be analysed of slightly varying amounts of neigh- 
bouring tissue of low noradrenaline content is bound to cause large variations 
in the apparent concentrations of noradrenaline. It was felt that the absolute 
figures would be more reliable because the surrounding tissue with its low 
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TasBxz 10. Two litters of puppies, ether for 3-4 hr; brain noradrenaline 
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noradrenaline concentration would contribute less to the values obtained. 
Table 10 shows that ether anaesthesia had no effect on the absolute amount of 
noradrenaline in the area postrema; the concentration appears higher than 
in the controls, but in view of the unchanged total amounts, this is probably 
a dissection artifact. 

In concordance with the results obtained in the cat, the-noradrenaline in 
the midbrain is reduced along with the noradrenaline in the hypothalamus. 


TaBLE 11. Three litters of puppies, morphine; brain noradrenaline 


- Normal Morphine HCl % of normal 
| Total Total 
(weeks) ng*/g (ng) ng/g (ng) Conen. Total 
Area postrema 11 1100 11-3 1200 17:3 
10 1200 141 900 14-3 sae —_ 
26 800 20-5 1000 15-3 wana _ 
26 1500 21-3 1400 23-5 wt _ 
26 - 1600 26-0 
Mean owe 1180 16-1 1260 17-8 107 110 
Hypothalamus ll 1200 480 
26 960 720 — 


Each dog was injected with 40 mg/kg morphine HCl, and 2-3 hr later with another 13-20 mg/kg. 
The dogs were killed approximately 5 hr after the first injection. Litter-mates are entered in the 
same horizontal line. 

* lng=10-* g. 


Table 11 summarizes the results of similar experiments carried out on three 
litters of puppies injected with morphine. It shows, first, that, in the dog, 
there was only a smail and statistically non-significant (P =0-1) depletion of 
hypothalamic sympathin after morphine. In the cat, the same drug was seen 
to produce greater, and significant, depletions. It is tempting to correlate 
this difference with the clinical effect of morphine on the two species: cats 
get excited whereas dogs fall asleep, only occasionally to be roused for short 
periods. An experiment on a fourth litter of three puppies, not included in the 
table, is suggestive on the same lines. Two of these dogs had three injections of 
morphine HCI; they slept for 2 hr after the first injection of 30 mg/kg but were 
rather excited and yapped a great deal during the remaining 3 hr of the 
experiment in spite of a further two injections of 20 mg/kg each. The hypo- 
thalamic noradrenaline amounted to 480 ng/g in both animals, and this figure 
appears particularly low in view of the fact that the third litter-mate used as 

control had the very high noradrenaline concentration of 1920 ng/g. — 
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entered in Table-11, on the other hand, were all asleep for most of the time of 
the experiment. 

With regard to the area postrema, it is obvious from Table 11 that there 
was no depletion of noradrenaline after the injection of morphine. 

Because of the suspected relation (see below) of the area postrema with the 
initiation of the vomiting reflex, an experiment was carried out on two litters 
of puppies in which the effect of apomorphine on this region was studied. 
There was no change in the noradrenaline content of the area postrema 
(Table 12). Neither was the hypothalamic noradrenaline depressed. It will 
be remembered that, in the cat, depletion had occurred in some of the experi- 
ments. The signs of excitement in the dog after apomorphine are less than in 
the cat, and the two facts may be related. 


Tasxr 12. Puppies, apomorphine; brain noradrenaline 


Normal | Apomorphine % of normal 
Total 
Litter ng*/g = (ng) ng/g (ng) Conen. _ Total 
Area postrema a 600 9-2 300t — _ 
a 800 15-7 1300 19-2 —_ — 
b 500 6-3 400 5-7 
Mean 633 10-4 670 10-0 106 96 
Hypothalamus a 800 800T 
Mean 747 707 95 


Litter ‘a’ 3, litter ‘db’ 2 months old. 

Except for the dog marked with a dagger, which died 45 min after a single injection of 80 mg/kg, 
all dogs had a total dose of 43-50 mg/kg apomorphine HC! in two injections with an interval of 
3 hr. The dogs were killed 44-5 hr after the first injection. 


Depletion of hypothalamic noradrenaline and secretion from the adrenal medulla 

When looking for a property common to the drugs which decrease the 
sympathin content of the brain, one is struck by the preponderance among 
such drugs of substances which cause secretion by the adrenal medulla. 
Examples are ether, insulin, nicotine, morphine and f-tetrahydronaphthy!- 
amine. Caffeine and ephedrine, inactive on brain sympathin, do not provoke 
adreno-medullary secretion. It was not known whether medullary secretion 
is caused by picrotoxin which lowers the concentration of brain sympathin 
or by ergometrine which does not lower it. Two sets of experiments, one on 
rats and one on cats, were carried out in order to see whether a drug which 
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causes loss of hypothalamic sympathin invariably elicits secretion from the 
adrenal medulla. 

Rats. Five groups of rats were unilaterally adrenalectomized. Four groups 
were given subcutaneous injections of drugs and killed between 4 and 5 hr 
later; one group was kept as controls. Adrenal extracts were made and their 
content of adrenaline assayed on the rat’s blood pressure. 

Table 13 summarizes the results. Whereas morphine, in a dose used in the 
experiments on cats (60 mg/kg in divided doses), caused a loss of adrenaline, 


 ergometrine, even in doses of 30 mg/kg (1-5-8 times the doses used in cats), did 


not lower the adrenaline content of the rat adrenals. Yet the rats showed 
exophthalmos and a ruffled coat, and were thus undoubtedly affected by the 
ergometrine. In a first experiment with picrotoxin, the dose used in cats 
(1-2 mg/kg) was injected: no effect on adrenaline secretion was seen, nor did 


TaBie 13. Unilaterally adrenalectomized rats. Action of drugs on adrenaline 


content of the adrenal medulla. 
pg adrenaline 100 g body weight 
Dose No.of -—— 
Drug (mg/kg) rats Range Mean % of normal 

None 4 5-0-7-4 6-2 
Ergometrine maleate 30 4 3-6-7-6 6-2 100 
Morphine HCl 60 4 2-4-5-2 64 
Picrotoxin 1-2 4 6-5-9-1 78 126 
Picrotoxin — 5-0 2 


the rats show more than a slight tremor after the injections. Since, however, 
convulsive doses had been used in the cats, the amount of picrotoxin injected 
into a second group of rats was increased till convulsions were produced 
(5 mg/kg in 4 doses). This caused adrenaline secretion. It appeared, therefore, 
that ergometrine, which does not lower the sympathin concentration in the 
hypothalamus, does not cause adreno-medullary secretion, whereas picrotoxin, 
provided it is given in convulsive doses, produces both these effects. 

Cats. The experiments were carried out on cats in which the left adrenal 
had been denervated. If a drug produced a release of adrenaline from the 
adrenal medulla by causing discharge through the splanchnic nerves, the 
innervated adrenal would contain less medullary hormone than the denervated 
gland which would act as control. If depletion of hypothalamic sympathin 
was also produced, it could be observed in the same cat. This procedure 
would allow a decision whether a correlation existed between action on the 
hypothalamus and on (centrally elicited) adrenal secretion even with drugs 
which, like apomorphine, did not have the same effect in all animals. 

Fig. 4 illustrates the result of these experiments. The black columns repre- 
sent noradrenaline in the hypothalamus as percentage of the figure of 1-38 .g/g, 


_ which is the mean of nineteen normal cats. The speckled columns indicate 
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total amines in the innervated adrenal medulla, expressed as percentage of 
the content of the contralateral denervated gland. 
It will be seen that, in the first five cats, the hypothalamic noradrenaline did 
not fall below a value of 75 °/, of the normal; in the same animals, the innervated 
adrenal still contained at least 80%, of its amines. In the next five cats, losses 
in hypothalamic noradrenaline of between 31 and 59%, and of medullary 
amines of between 32 and 80% occurred. In the last cat, both the figures for 
hypothalamic noradrenaline and for medullary amines are the lowest found in 
this series. There is, thus, in the same animal, a correlation between the power 
of a drug to cause loss of noradrenaline from the hypothalamus and loss of 
amines from the innervated adrenal medulla. 
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Fig. 4. Black columns: hypothalamic noradrenaline of individual cats injected with the drug 
indicated at the foot of the column; it is expressed as percentage of the mean of 1:38 ug/g 
determined for nineteen normal cats. Dotted columns: totc! amines of the innervated 
adrenal medulla of the same cats, represented as a percentage of the amines of the contralateral 
denervated adrenal. L, leptasol; C, caffeine; Z, ether; Zr, ergometrine; A, apomorphine; 
T, B-tetrahydronaphthy] e; M, morphine. Doses as in Table 9. 


Whereas depletion of brain sympathin by drugs was not observed 
unless there was also medullary secretion from an innervated adrenal, that 
secretion was not the cause of the loss in sympathin. This was demonstrated 
in two cats injected with morphine (30 mg/kg) in which medullary secretion 
was prevented by previous bilateral adrenal denervation. In these cats, the 
noradrenaline of the hypothalamus was 38%, and that of the midbrain 34% 
of the normal figure; rather than being abolished, the depletion by morphine 
was thus larger than in the majority of intact animals. 

Although no drugs were found which would produce a fall in hypothalamic 
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sympathin without an accompanying loss in medullary amines, in two experi- 
ments lethal doses of ergometrine caused falls in adrenal medullary amines of 
54 and 69%, whilst the concentration of hypothalamic noradrenaline remained 
normal. As the two cats showed signs of severe asphyxia before they died, 
the question arose whether asphyxia causes adreno-medullary secretion with- 
out producing any effect on hypothalamic sympathin. 

Four cats in which the left adrenal had been denervated 2 weeks previously 
were anaesthetized by intravenous pentobarbitone, care being taken not to 
give a dose which would depress the respiration. The trachea was cannulated © 
and pieces of rubber tubing of variable lengths attached to the cannula. The 
cat was rebreathing through the rubber tubing, and this produced a controllable 
degree of asphyxia. Provided the duration of the experiment did not exceed 
24 hr, effects of the anaesthetic on brain sympathin could be trusted to be 
negligible (see p. 464). 

Tasxe 14, Cats, left adrenal denervated, pentobarbitone sodium anaesthesia. Effect of asphyxia 


caused by rebreathing on noradrenaline in hypothalamus and on difference in amine content 
of innervated and denervated adrenal medulla. 


Cat Rebrea A — (%of denervated 
no. (min) (mg/g) % of normal ) 
1 85 2-00 145 81 
2 100 1-20 87 69* 
3 140 1-12 81 75 
4 100, died 0-74 54 62 


* This figure is based on noradrenaline estimations only. 


The experiments are listed in Table 14 in order of increasing duration or 
severity of the asphyxia. The greatest loss of medullary amines achieved in 
this series was that of 38° in Expt. 4, and this was accompanied by a signi- 
ficant fall in brain sympathin. Thus there was no instance, as in the experi- 
ments with ergometrine, of severe depletion of the stores of medullary 
hormones along with normal brain-noradrenaline. It might be argued that 
Expts. 2 and 3 show a greater loss of amines from the adrenal medulla than 
from the hypothalamus, but the normal range of the hypothalamic nor- 
adrenaline is so wide that one cannot be certain that the figures of 1-2 and 
1:1 ug/g do not represent some depletion. 

It has been stated (Brauner, Briicke, Kainidl & Neumayr, 1951) that central 
stimulation causes a preferential release of adrenaline from the adrenal 
medulla. In view of the fact that the difference in amine content between the 
innervated and the denervated adrenal measures a purely central effect, it 
was of some interest to see whether the drugs, when stimulating secretion on 
the innervated side, had caused any change in the ratio adrenaline to nor- 
adrenaline, Table 15 shows that in four of the last six experiments, in which 
secretion had been vigorous, both amines shared equally in the loss. In 
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Expts. 7 and 9, less noradrenaline than adrenaline had been lost, but this 
was not a regular occurrence and not typical for a particular drug. Unless it is 
assumed that the noradrenaline is being methylated immediately before it is 
secreted, this finding would suggest that stimulation of the adrenal gland by 
drugs acting centrally does not, as a rule, lead to preferential discharge of 
adrenaline. 


 Tasie 15, Action of drugs on the ratio between adrenaline and 
noradrenaline in the adrenal medulla 


of amines) 

gland (% of A q 

No Denervated Innervated 
of expt. Drug gland) side . 
l Leptazol 81 77-0 5 
2 87-5 75-0 57-0 
3 ine” 126 68-5 58-3 
4 Ether 89 68-5 72-3 
5 Ergometrine 81 70-2 65-2 
6 Apomorphine 51 69-5 67-5 
7 B-tetrahydronaphthylamine 68-5 62-9 50-0 

8 Apomo 47-5 62-5 
9 Morphine 38 42-3 15-1 
10 Morphine 20 64-0 65-0 
ll Morphine 14 66-7 74-0 
Doses of drugs as in Table 9, 


Stimulation of the cervical sympathetic chain : 

The preceding observations suggest that loss of sympathin may be incurred 
by the hypothalamus under conditions which cause its stimulation over a 
prolonged period of time. An attempt was made at finding out whether the 
sympathin concentration in a peripheral sympathetic ganglion would be 
affected by electrical stimulation of the preganglionic fibres, Both cervical 
sympathetic nerves were cut in the necks of three dogs, and the central end 
of one nerve stimulated for 2 hr in two dogs and for 2} hr in the third. Stimula- 
tion was interrupted for 2 min after every 5 min. Pupil, eyelid, and nictitating 
membrane showed good responses throughout the experiment. No significant 
differences between the noradrenaline concentrations of the stimulated and 
of the control ganglion were observed. 


DISCUSSION 
Relation between brain sympathin and vasomotor nerves 
For the interpretation of this work it is essential to be certain whether the 
foregoing results provide good evidence that brain sympathin is not exclu- 
sively localized in the vasomotor fibres. A first consideration deals with the 
quantitative aspect of the question. Hypothalamic noradrenaline in the dog 
has an average concentration of 1 yg/g of fresh tissue; pure peripheral post- 
ganglionic fibres (Table 8) were shown to reach concentrations about twice 
and sympathetic ganglia concentrations averaging 6 times that figure. Though 
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the hypothalamus is known to be a vascular region, it is hardly conceivable 
that one-half or one-sixth of its weight is made up of vasomotor fibres, 
particularly in view of the fact that the pia mater which contains the majority 
of the vessels is dissected away before assaying the sympathin. A second 
point concerns the attempt at removing the sympathetic supply to the cere- 
bral vessels by extirpating the superior cervical ganglia and allowing time for 
degeneration of the postganglionic fibres. It has been shown (Cannon & 
Lissik, 1939; von Euler, 1946) that degeneration of postganglionic sym- 
pathetic fibres to an organ is followed by a substantial loss in sympathin; 
yet cervical sympathectomy did not affect the concentration of brain sym- 
pathin (p. 463). The value of such experiments is, however, invalidated by 
observations made by Chorobski & Penfield (1932), which suggest that the 
sympathetic supply to the cerebral vessels does not undergo complete de- 
generation after extirpation of the superior cervical ganglia. This is due to the 
existence, inside the skull, of ganglion cell stations which are inaccessible to 
experimental removal. Even so it would seem likely that a significant fall 
in hypothalamic sympathin would have been detectable after removal of the 
superior cervical ganglia if the vasomotor nerves were the only structures 
containing sympathin. Finally, the view that hypothalamic sympathin is not 
accounted for by the amine content of its vasomotor nerves, is supported by 
the observation that both the cerebral and the cerebellar cortex, which are 
very vascular, contain no more than 10% of the sympathin encountered in 
the hypothalamus. It is, however, arguable that the sympathin in the cerebral 
and cerebellar cortex is entirely contributed by the vasomotor fibres to these 
areas, 
Correlation between sympathin content and central representation 
of sympathetic functions 

With exception of the area postrema, those regions which contain the 
highest concentrations of sympathin—the hypothalamus, parts of the mid- 
brain and the floor of the fourth ventricle—also contain the central repre- 
sentation of sympathetic activity. 

Kabat, Magoun & Ranson (1935) and Ranson & Magoun (1939) mapped 
out the distribution of points in the brain stem from which pressor responses 
to electrical stimuli are elicited; the points all lie in regions with a high content 
of sympathin. In addition to pressor effects, it is possible to elicit from the 
hypothalamus practically all responses mediated by the peripheral sym- 
pathetic nerves. Karplus & Kreidl (1909, 1918) showed that hypothalamic 
stimulation caused dilatation of the pupil and the palpebral fissure, retraction 
of the nictitating membrane, and sweating. Adrenaline secretion was demon- 
strated by Houssay & Molinelli (1925), piloerection and inhibition of peristalsis 
by Kabat, Anson, Magoun & Ranson (1935), increased heart rate by Beattie, 
Brow & aes (1930), glycosuria by Himwich & Keller (1930), relaxation of the 
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bladder by Uvnis (1947) and dilatation of skeletal blood vessels by Eliasson, 
Folkow, Lindgren & Uvniis (1951). Many of these effects have subsidiary 
representation or pathways in the midbrain and in the floor of the 4th ventricle. 
Sympathin is found in gradually diminishing concentrations along these 
descending pathways and may be followed into the grey matter of the spinal 
cord. | 

The hypothalamic nuclei do not only connect with lower parts of the 
cerebro-spinal axis but also with higher centres. It is of some interest to 
consider the sympathin content of those higher centres which are known to 
give origin to fibre tracts leading to or from the hypothalamus. These are, 
first, the anterior and medial thalamic nuclei, considered to be relay centres 
in the transmission of hypothalamic stimuli to cortical areas. It was shown 
(Table 6 and Fig. 2) that this part of the thalamus has a sympathin content 
approximating that of the floor of the fourth ventricle, and four times as high 
as that of the lateral thalamic nuclei which lack hypothalamic connexions. 
This concentration of sympathin is not just a function of cell density in the 
thalamus. It is true that the medial thalamus is more cellular than the lateral 
thalamus, but there is no difference in sympathin concentration between the 
dorsal and the ventral parts of the lateral thalamus, though the dorsal part 
has the greater cell density. 

Secondly, there are cortical areas, especially the frontal area 6 and the 
areae of the cingulate gyrus, which project into the medial and anterior 
thalamic nuclei and are also reputed to have direct fibre connexions with 
the hypothalamus (Le Gros Clark & Meyer, 1950; Ward & McCulloch, 1947). 
These areas do not, however, contain more than the minimal amounts of 
sympathin characteristic of all parts of the cerebral cortex. The same holds 
for the amygdaloid nuclei which are credited with a close relation to the 
hypothalamus on account of the observation that their destruction leads to 
the release of hypothalamic sham rage (Bard & Mountcastle, 1948). Low 
concentrations are also found in the hippocampus which is connected by 
fibres of the fornix system to the mamillary bodies. Generally speaking, no 
part of the telencephalon was found to contain more than a minimal quantity 
of sympathin. The medial thalamic nuclei are the highest parts of the cerebro- 

spinal axis to show a relatively large amount of brain sympathin. 


The action of drugs on brain sympathin 
Attempts at influencing the sympathin concentration in the hypothalamus 
by means of drugs have shown that prolonged action of some drugs may cause 
a fall in the concentration of sympathin. A drug producing such a fall need 
not have a convulsive action, as demonstrated by the fact that ether causes, 
whereas leptazol fails to cause, a loss in hypothalamic sympathin. When 
simultaneous measurements were made of the ability of a drug to deplete the 
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1 of hypothalamic sympathin and to stimulate the sympathetic centres 
ich control adreno-medullary secretion by way of impulses through the 
splanchnic nerves, the two actions were found to be correlated. More parti- 
cularly, when loss of sympathin had occurred from drug action (or from pro- 
longed asphyxia), the innervated adrenal had invariably lost a large proportion 
of its stores of hormones. Contrariwise, centrally evoked secretion of the 
adrenal gland was occasionally found unaccompanied by loss of hypothalamic 
sympathin. It is suggested that it is the stimulation of the diencephalic and 
mesencephalic sympathetic centres produced by the drug which leads to the 
loss of sympathin from these regions. If this interpretation is correct, it 
provides strong support for the view that brain sympathin plays a functional 
role in the activity of those regions in which its concentration is high. It 
explains the fact that a great variety of drugs which seem otherwise to have 
little in common—like ether, insulin, and morphine—produce the same effect 
on hypothalamic sympathin because they all stimulate the sympathetic 
centres, as shown by the secretion of adreno-medullary hormones. It may 
be noted that in the experiments on morphine poisoning, depletion of hypo- 
thalamic sympathin was found to be most severe in those cats in which 
pupillary dilatation had been most conspicuous and thus presumably the 
level of blood adrenaline particularly high. 

The influence of drugs on mesencephalic sympathin resembled that on 
hypothalamic sympathin. It would have been interesting to carry out, in 
parallel with the observations on the midbrain, measurements of drug action 
on the sympathin in the medulla oblongata, but this was prevented by 
insuperable technical difficulties. 

There is, as yet, no indication as to where the sympathin is lost to when 
drugs cause a decrease in its concentration. If sympathin plays a part in the 
metabolism of the active cells, it may be that its depletion indicates a lag of 
resynthesis behind utilization when excessive demands are made by the 
stimulated tissue. Such a view is supported by the observation that a drug 
action of several hours’ duration is usually required for any significant change 
in the concentration of hypothalamic sympathin to occur. 

The finding of a high concentration of sympathin in the area postrema was 
a surprise. This organ, known to anatomists by its unusual permeability to 
dyes (Wislocki & Putnam, 1924), has recently been credited with the role of 
a chemoreceptor for drugs, which, like apomorphine and oubain, cause 
vomiting through stimulation of the bulb (Wang & Borison, 1950; Borison & 
Brizzee, 1951). In the cat and the dog, this tissue is devoid of ganglion cells. 
Considering the small amount of tissue available for investigation, technical 
errors are liable to be more serious.in observations on the area postrema than 
in those on the hypothalamus. Great changes in sympathin content, however, 
would not have escaped detection, yet neither ether, while causing depletion 
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of hypothalamic sympathin, nor apomorphine, presumed to stimulate certain 
receptors in the area postrema, had any demonstrable effect on its sympathin 
content. Whatever the function of sympathin in this non-nervous tissue may 
be, its concentration appears not to be affected by drugs depleting hypo- 
thalamic sympathin. In this connexion the observations by Bilbring, Philpot 
& Bosanquet (1953), showing variable, and often high, concentrations of 
noradrenaline in gliomas may be recalled. Since, like the gliomas, the area 
postrems contains astrocytes and astroblasts, the occurrence of noradrenaline 
in the two tissues may be related to the metabolism of a tissue element common 
to both. 
Comparison with other substances 

It is of interest to compare the distribution of sympathin with that of 
other substances occurring in the central nervous system. Raab’s encephalin, 
described as a sympathomimetic amine differing in its chemical and biological 
properties from all known catechol derivatives, bears no resemblance to 
sympathin in its distribution (Raab & Gigee, 1951): high concentrations are 
reported in the cortex, the basal ganglia, white matter and cerebrospinal 
fluid, regions containing only minimal amounts of sympathin. Among other 
substances for which distribution patterns have been described, some are 
compounds, the concentration of which appears to be correlated with the 
cell density of the region. Certain enzymes belong to this group: acetyl 
phosphatase, carbonic anhydrase, and succinic dehydrogenase (Ashby, Garzoli 
& Schuster, 1952; Burgen & Chipman, 1951). Their action may be felated to 
ganglion cell metabolism in general. Phosphamidase, on the other hand, when 
examined histochemically, follows the distribution of myelinated fibres (Sinden 
& Scharrer, 1949; Scharrer, personal communication). Provided the reaction 
really indicates the presence of enzyme in the fibres, this might be an example 
of a substance required for the special metabolism of fibre tracts. 

The distribution of amine oxidase is different again; its activity is fairly 
homogeneous throughout the brain, and certainly does not follow the density 
in ganglion cells (Thompson & Tickner, unpublished, see Biilbring e¢ al. 1953). 
Neither does amine oxidase occur only in regions where sympathin is abundant, 
so that its distribution does not suggest that its main role might be the 
destruction of sympathin. The observation that poisoning of amine oxidase 
with the p-tolyl-ether of choline had no effect on either the normal level of 
hypothalamic noradrenaline or on its depletion by morphine, also fails to 
demonstrate any action of amine oxidase on brain sympathin. 

Of all substances with a characteristic pattern of distribution, those 
exhibiting large differences between maximal and minimal concentrations 
are by far the most interesting. It is this group which one would expect to play 
a part in the specialized function of those regions which contain them in 
unusually high concentrations. It comprises acetylcholine and the enzymes 
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concerned with acetylcholine formation and hydrolysis (Nachmansohn, 1939; 
MacIntosh, 1941; Feldberg & Vogt, 1948), histamine, reported to be con- 
centrated in the tuber cinereum (Harris, et al. 1952), substance P (Pernow, 
1953; Amin eé al. 1953), and 5-hydroxytryptamine (Amin ef al. 1953). In 
contrast to sympathin, substance P and acetylcholine both occur in the 
caudate nuclei and in medullated fibre tracts, though they are apparently 
never found together in the same tract. In contrast, 5-hydroxytryptamine, 
like sympathin, is not found in medullated fibres. Its distribution closely 
mimics that of sympathin (Amin et al. 1953). However, this rule has a notable 
exception in the peripheral sympathetic system, which contains amounts of 
sympathin several times as high as the hypothalamus, whereas it is completely 
lacking in 5-hydroxytryptamine (Amin & Gaddum, unpublished). One further 
fact is worth emphasizing: sympathin, histamine, substance P and 5-hydroxy- 
tryptamine have their highest intracerebral concentration in the hypothalamus; 
this region also contains acetylcholine and vasopressin. From the point of 
view of the manufacture of pharmacologically active compounds, it is the most 
versatile part of the central nervous system so far recognized. 


The function of cerebral sympathin 

The foregoing experiments did not answer the question of the function of 
sympathin in the central nervous system. They have, however, by demon- 
strating the uneven distribution of sympathin, its predilection for certain 
centres, particularly the central representation of the sympathetic system, and 
its depletion when these very centres were stimulated by drugs, made a case 
for a specialized functional role of sympathin in the brain distinct from its 
ubiquitous action at sympathetic vasomotor endings. It might be tempting 
to assign to the cerebral sympathin a transmitter role like that which we 
assign to the sympathin found in the sympathetic ganglia and their post- 
ganglionic fibres. There are, however, a number of facts which call for caution: 
The occurrence of sympathin in gliomas (Biilbring e¢ al. 1953), and its high 
concentration in the area postrema which is devoid of ganglion cells, show that 
synthesis of noradrenaline may occur in tissue which plays no part in the 
transmission of impulses. Further, the depletion of hypothalamic sympathin 
when the diencephalic representation of adrenomedullary secretion was stimu- 
lated by drugs has no known counterpart in the peripheral sympathetic 
system: prolonged electrical stimulation of preganglionic nerves did not cause 
a fall in the sympathin content of the stimulated ganglia. It is, of course, 
possible that in the brain the processes of resynthesis are less efficient in 
keeping up with utilization than they are in the periphery, but we have at 
present no evidence that this is so. 

Finally, if sympathin were concerned in the transmission of impulses in the 
diencephalic sympathetic centres, signs of stimulation of these centres would 
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be expected to follow parenteral administration of sympathin. After the 
injection of adrenaline both excitation and anaesthesia have been reported, 
and modifications of the electroencephalogram have been recorded in the 
posterior hypothalamus and other parts of the brain (Porter, 1952). None of 
these observations distinguish clearly between secondary effects due to vaso- 
motor reactions and direct effects of the amines; neither do any of the observa- 
tions throw emphasis on the sympathetic centres; in fact, the somatic sensory 
areas of the cortex, for example, were also stimulated in the experiments of 


Porter and other investigators. Even less is known about central actions — 


of noradrenaline, except that it appears less active than the methylated 
compound (Goldenberg, 1951). It is possible to interpret these failures by 
assuming that parenterally injected sympathomimetic amines do not penetrate 
to the sites at which they are normally produced. This view would agree with 
the observations by Leimdorfer, Arana & Hack (1947), and Leimdorfer & 
Metzner (1949), who obtained surgical anaesthesia and rises in blood sugar 
by intrathecal adrenaline administration. The interpretation of such experi- 
ments is not unequivocal, but it would appear that a central action was 
responsible for the effects. Noradrenaline, though less active, produced qualita- 
tively the same results (Leimdorfer, 1949). 

A second hypothesis concerning the role of cerebral sympathin is that it may 
modify transmission by other substances, for instance acetylcholine. This 
possibility is considered by Duke & Pickford (1951) in their work on the 
interference of adrenaline with the stimulation of the supraoptic nuclei by 
acetylcholine. A modifying influence of adrenaline on transmission at spinal 
cholinergic synapses has been convincingly demonstrated (Biilbring & Burn, 
1941; Stavraky, 1947). Little is known of the role of noradrenaline in this 
respect, a great drawback unless one is prepared to consider noradrenaline as 
a mere precursor of the ‘fully active’ methylated compound. 

The distribution of sympathin in the brain has also to be considered in 
relation to the theory that either adrenaline or noradrenaline (or both) might 
act as humoral transmitters between the hypothalamus and the anterior lobe 
of the pituitary (Sawyer, Markee & Everett, 1950). The high concentration of 
sympathin in the hypothalamus appears at first sight to support this theory. 
When, however, it is remembered that fairly large amounts of sympathin are 
also found in the midbrain which sustains no functional connexions with the 
anterior lobe, there seems to be little justification for singling out the hypo- 
thalamic sympathin as a humoral stimulus for the secretion of trophic hormones 
and to attribute a totally different role to the mesencephalic sympathin. This 
would seem particularly unreasonable in view of the fact that certain drugs 
deplete the hypothalamic and mesencephalic sympathin simultaneously. Never- 
theless, the findings are compatible with the view of an adrenergic activator of 
anterior lobe secretion. | | 
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SUMMARY 


1. A method is described which permits the estimation of adrenaline and 
noradrenaline in small pieces of brain tissue. 

2. Noradrenaline with an admixture of adrenaline, described as ‘sym- 
pathin’, was identified in the brain by a number of biological and chemical 
tests. It was found in all parts of the central nervous system, but its distribu- 
tion was quite uneven, some parts containing at least 20 times as much as 
others. 

3. The average percentage of adrenaline in sympathin was 14 in the dog 
and 7 in the cat. | 

4. A detailed map of the distribution of noradrenaline is given for the dog’s 
brain. 

5. The highest concentrations of sympathin are in the regions which contain 
the diencephalic, mesencephalic and bulbar representations of sympathetic 
activities. There was also a high concentration in the area postrema, which is 
not nervous tissue proper. 

6. The average amount of hypothalamic noradrenaline was 1 g/g fresh 
tissue in the normal dog and 1-4,.g/g in the normal cat. 

7. Some drugs, when acting over a period of at least 3 hr, caused a fall in 
the concentration of the cat’s hypothalamic sympathin. Such a fall was not 
found unless the drugs had also produced a stimulation of adreno-medullary 
secretion by their central action. The reverse does not hold; there may 
occasionally be adrenal secretion without depletion of hypothalamic sym- 
pathin. Asphyxia, too, lowered hypothalamic sympathin provided it had 
been sufficiently severe to cause considerable medullary secretion. Preventing 
medullary secretion by adrenal denervation did not interfere with the depleting 
action of drugs on the sympathin in the hypothalmus. 

8. When a drug lowers the concentration of noradrenaline in the hypo- 
thalamus, it also lowers it in the midbrain. 

9. In the dog, ether reduced the concentration of noradrenaline in hypo- 
thalamus and midbrain, but neither ether, nor morphine or apomorphine, 
changed the noradrenaline content of the area postrema. | 

10. When drugs caused the secretion of adrenaline by way of central 
stimulation, the relative proportions of adrenaline and noradrenaline in the 
depleted gland were usually the same as in the contralateral resting (dener- 
vated) gland. 

11. The amount of sympathin in the hypothalamus was not affected by 
cervical sympathectomy carried out 18 days before the assay. 

12. A substance which inhibits the action of amine oxidase (p-tolyl-choline 
ether) did not affect the normal level of hypothalamic noradrenaline nor its 
depletion by morphine. 
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13. The results are compared with our knowledge of the distribution of 
other pharmacologically active substances in the brain. Different hypotheses 
concerning the function of brain sympathin are discussed. 
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FURTHER OBSERVATIONS ON COLLAGEN IN 
REGENERATING LIVER OF THE RAT 


By MARGARET L. R. HARKNESS anv R. D. HARKNESS 
From the Department of Physiology, University College, London 
(Received 10 August 1953) 


In a previous paper, experiments were described in which the collagen content 
of the rat’s liver, regenerating after partial hepatectomy, was used as an 
indication of the growth of supporting tissue (Harkness, 1952a). Regeneration 
of collagen was found to lag far behind that of the liver as a whole, and was 
apparently incomplete 3 weeks after partial hepatectomy when the liver 
parenchyma is fully regrown. Collagen, however, was estimated chemically as 
a whole, and, consequently, the morphological significance of the changes was 
not clear. True collagen, judged by staining properties, is present in the peri- 
toneal capsule of the liver, and in the walls and tissues surrounding the blood 
vessels and bile ducts. In addition, there is a network of reticulin in walls of 
the hepatic sinusoids. The available evidence indicates that this material is 
similar to collagen chemically (Bowes & Kenten, 1949), and the term collagen 
will be used to include it. 

We thought that the regeneration of collagen at 3 weeks, although it did not 
reach the original level, might nevertheless be complete in the sense that it had 
reached an equilibrium state representing a somewhat altered liver structure. 
There are features of 3-week regenerated liver which lead one to suspect that 
it might be constructed with less than the normal proportion of collagen. Thus 
the lobes become more rounded with less relative surface area, so one might 
expect the capsular collagen to increase less than the weight of the liver. The 
fact that the lobes are more rounded should also make it unnecessary for the 
main vascular tree to expand as much proportionately as the weight. On the 
other hand, one might expect the sinusoids to reach their normal size relative 
to the parenchymal cells and hence to increase approximately in proportion to 
the weight of the liver. In order to clarify our previous results we have there- 
fore separated the collagen in the liver into three fractions—capsular, vascular 
and parenchymal, the latter representing the collagen of the vessels most 
closely associated with the parenchyma—and estimated the collagen in these 
separate fractions at 3 and 6 weeks after partial hepatectomy. At 6 weeks the 
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increase of total collagen had still not caught up with the increase in weight. 
All fractions increased, but to different extents and in different proportions at 
3 and 6 weeks. The greatest relative increase was in the capsular collagen. 

A preliminary report of this work has already been published (Harkness & 
Harkness, 1953). 

METHODS 
Animals 

Adult male albino rats of the local strain were used. They were partially hepatectomized by the 
method of Higgins & Anderson (1931) under ether anaesthesia. They were kept in individual cages 
in a thermostatically controlled room at 26° C for 1 week before operation and subsequently. 
They were allowed free access to water and food (M.R.C. diet 41, Parkes, 1946) at all times. The 


choice of rate Sor operation or control was made by referenice to « table of random numbers. The 
animals were killed by a blow on the head. 


Collagen estimation 

tion of the amino-acid hydroxyproline. Collagen contains 13-5 % of hydroxyproline, which appears 
not to be present in other proteins except elastin. After preliminary extraction of soluble protein 
by 20% (w/v) urea solution, followed by water, the collagen is solubilized by autoclaving and then 
hydrolysed in 6 s-HCl; the hydroxyproline content of the hydrolysate is estimated. The method is 
therefore highly specific for collagen, since autoclaving eliminates most other protein including 
elastin. As our method involved some modification of the original, and certain parts of it required 
checking, it is briefly described. 

The sample of liver was homogenized in a glass Potter & Elvehjem (1936) homogenizer in 
approximately ten times its volume of 20% (w/v) aqueous urea solution, in which it was left for 
1 hr with occasional stirring; the solid was then centrifuged down (3000 rev/min) and washed by 
resuspension and centrifugation once with the same volume of urea solution and three times with 
distilled water. It was then extracted with alcohol: ether mixture (3:1, v/v) followed by ether, 
dried and autoclaved in a 12 ml. centrifuge tube with 5 ml. of distilled water for 6 hr at 30 Lb./sq. in. 
pressure. The volume was made to 10 ml. with distilled water and the tube heated for } hr on a 
boiling water-bath with occasional stirring to distribute the solubilized material evenly; the tube 
was cooled and the volume again adjusted to 10 ml. It was then centrifuged and the supernatant 
poured off and filtered through Whatman no. | paper. An aliquot, usually 7-5 ml., was removed 
and evaporated to dryness on a water-bath, and washed into a glass tube with 5 ml. of 6n-HC!; 
the glass tube was sealed and autoclaved for 4 hr at 40 Lb./sq. in. It was then opened and a portion 
neutralized with an equal volume of 6x-NaOH. Hydroxyproline was estimated on | ml. portions 
of the neutralized solution, the colour developed being measured in a Hilger absorptiometer with 
Ilford 635 spectral yellow green filters. The whole hydrolysate was not neutralized at once because 
it was found that the hydroxyproline content of the neutral solution fell off rapidly and was 
markedly diminished after a day. 

In some cases a further modification was made in the method. Some of the larger samples of 
liver gave brown tinted hydrolysates. The colour was removed by shaking the hydrolysate with 
about 50 mg of charcoal which was immediately filtered off. This procedure was found not to 
affect the hydroxyproline content of the solution. We also checked two particular points in the 
estimation: 

(1) First centrifugation in urea solution. We thought it possible that finely divided collagen 
might be lost in the supernatant since this was turbid. However, centrifugation of the supernatant 
at 6000 rev/min for 1 hr produced only very little sediment in which we detected no hydroxy- 
proline, 

(2) Error caused by tyrosine in the final hydrolysate. Neuman & Logan (1950) reported that 
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proline. Only such large quantities of tyrosine as were very unlikely to be present would therefore 
affect the results. However, we felt it advisable to check this possibility. Tyrosine was estimated 
by the method of Medes (1932) on some hydrochloric acid hydrolysates which were taken to dry- 
ness on a water-bath and redissolved in 4n-H,SO,. Negligible quantities were found, and we 
therefore made no further estimations of tyrosine. The values for collagen given in this paper are 
not corrected for tyrosine error which would amount to less than 1 % and are obtained from the 
hydroxyproline estimations by multiplying by 7-46, the factor given by Neuman & Logan (1950). 


Fractionation of collagen in liver 
The full fractionation procedure was only carried out on one lobe as the others were too small 
to be suitable. This lobe we have called the anterior right lobe. As we have been unable to find any 
standard nomenclature for all the lobes of the rat’s liver it is necessary to explain briefly the one 
we have used. The left and median lobes are removed at operation. The residual lobes are the 
following: 


(1) The anterior right lobe is the largest and most ventral, in shape similar to the median lobe. 

(2) The next largest lobe is dorsal to the anterior right and because of its shape we have called 
it the triangular lobe. 

(3) There are two smaller lobes lying in the lesser curvature of the stomach; these we have 
called the anterior (ventral) and posterior (dorsal) caudate lobes. 

When the animal had been killed the residual lobes were subdivided as follows for analysis. The 
ligature left from the operation was removed with the small quantity of fibrous tissue surrounding 
it. Next the anterior caudate lobe was cut off at its base; we thought it advisable to analyse this 
lobe separately because it lies closest to the ligature and might be subjected to local inflammatory 
change which might cause excessive collagen deposition. Next the anterior right lobe was 
separated and subjected to the fractionation described below. The rest of the liver, i.e. the 
triangular lobe, posterior caudate and small amount of hepatic tissue joining them round the 
inferior vena cava, was subjected to part of the fractionation procedure. 

The fractionation of the anterior right lobe was carried out as follows: first the capsule with as 
thin a layer as possible of underlying parenchyma was shaved off with a razor blade; then the rest 
of the lobe was pressed through a stainless steel plate 2-5 cm diameter and 2 mm thick, containing 
about 140 holes 1 mm in diameter, and fixed in the end of a hollow brass cylinder with a close- 
fitting plunger which could be screwed down tightly on to the plate. The larger vessels remain as 
an intact tree behind the plate while parenchyma is squeezed through, except for a small amount 
which remains in the holes in the plate attached to the vessels. Thus the lobe was separated into 
three fractions representing the capsule, the parenchyma, and the main vessels; the capsular and 
vascular fractions having with them some of the parenchymal fraction. In the final calculations 
we made a correction for this assuming that the weight of the vessels and capsule were negligible, 
the whole weight of the corresponding fractions being contaminating parenchyma. We assumed that 
this parenchyma had the same percentage of collagen as the parenchymal fraction as originally 
separated, subtracted this amount of collagen from the total for each fraction, and added it to the 
_ parenchymal fraction; we thus separated the collagen into three fractions which we have called 
‘parenchymal’, ‘capsular’, and ‘ vascular’, though the latter two could be more correctly described 
as representing capsular and vascular excess over parenchymal. The exact point of separation 
between the parenchymal and vascular fractions is difficult to define. Examination of stained 
sections of fixed parenchymal fraction indicated that the separation was mainly at the sublobular 
level. The sections showed fragments of parenchyma of variable size, some of which contained ves- 
sels corresponding in size to the interlobular vessels. The whole anterior caudate lobe was analysed 
without fractionation. The triangular and posterior caudate lobes were pressed through the plate 
and separated into a ‘parenchymal’ and ‘residual’ fraction, which corresponded to the combined 
‘vascular’ and ‘capsular’ fractions of the anterior right lobe. 
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RESULTS 
The weights of animals and principal parts of the liver are given in Table 1. 
The weights and collagen contents of individual lobes and fractions of lobes 
are given in Tables 2 and 3 and Figs 1 and 2. In order to compare changes in 
the different lobes and fractions of lobes of the liver we have expressed their 
weights and collagen contents as a percentage of the initial value, predicted 
from the weight of the liver removed at operation by multiplying this by the 


Tastx 1. Body weights and liver weights. 


Partially hepatectomized 
Normal animals animals 
B weeks 6 weeks 
No. of rate 6 6 6 6 
Body t at start — 208 +5 194+6 205 +7 
Body weight at death 218+18 305414 229+9 297+15 
Weight oy remo at 5-49 +. 0-57 7-35+0-55 5-48+0-35 5-44+40-38 
operation (g 
Weight regenerating lobes at 2864032 #3714025 8734068 
weight of regenerating — 2:7940-18  2-7740-20 
lobes at operation (g)* 


The estimate of variation is the standard error of the mean. 

* Estimated by multiplying the weights of removed lobes by the mean ratio lobes left: lobes 
removed in control animals, i.e. 0-51 +0-01. 

A =killed at start of experiment; B = killed at 6 weeks. The description of the parts of the liver 
refers to the partially hepatectomized animals, and to the corresponding lobes in the normal 
animals. 


Tasiz 2. Fresh weight of separate lobes of the regenerating part of the liver as a percentage of 
the whole of this part and of estimated initial weight of the individual lobes. 


Partially hepatectomized rats 
(% calc. initial weight) 

Control rats ~ 
(% total) 3 weeks 6 weeks 
Total 100 312+8 338+ 14 
Anterior right lobe 45-4+0-9 323 +12 351+ 20 
i and posterior caudate lobes 42-8+0-9 300+7 318413 
Anterior caudate lobe 11-9403 315421 356 + 23 


The estimate of variation is the standard error of the mean. 


appropriate ratio calculated from the control animals. These were originally 
divided into two groups, one killed when the partially hepatectomized animals 
were operated upon, and the other at the same times as the 6-week animals, to 
assess the changes which might take place over the 6-week period in the normal 
course of events without operation. In fact the relative weights of the different 
lobes and distribution of collagen within the lobes did not differ significantly 
in the two groups of control animals which were therefore combined for the 
purpose of predicting the initial values in the experimental animals. 

It appears that the different lobes of the residual liver increase approxi- 
mately equally in weight during regeneration. There are, however, some 


a 
“J 
4 
. 


486 MARGARET L. R. HARKNESS AND R. D. HARKNESS 


Tase 3. Collagen in the separate parts of the residual liver. 
Partially hepatectomized rats 
weeks 


Normal rats 
% total 
Conen. of lobe 

Total all lobes 1-72+0-11 
Anterior right lobe 

Total 1-5740-11 100 

Capsular 0214003 13-4426 

Vascular 0-6740-06 42-8440 

Parenchymal 0-6940-06 43-8441 
Triangular and posterior 

caudate lobe 

Total 1-89+0-11 100 

Residual 1114008 48-743-5 

Parenchymal 0784007 41-:343-5 
Anterior caudate lobe 1-7140-13 — 


A 


Concn, 


104+0-11 


Total as 
% cale. 
initial 
177+11 


187+17 


Concn. 
1-26+0-16 


1-18+0-19 


1-37+0-16 
0-95+40-18 
0-42 + 0-03 
1-28 +.0-04 


The estimate of variation is the standard error of the mean. The columns headed ‘concn.’ give 
the quantity of collagen (mg) per g fresh wt. of the italicized parts of the liver in the left-hand 


i 


ia Anterior R. lobe 
Anterior caudate lobe 


= Total all lobes 


~<— Post. caudate and 
triangular lobes 


Anterior R. lobe 
Anterior caudate lobe 


Total all lobes 


Post. caudate and 


triangular lobes 


0 3 
Weeks after partial hepatectomy 


Fig. 1. Wet weight and total collagen of separate liver lobes as percentage of calculated value 


mean.) 


6 


Weight 


Collagen 


at time of operation. (Note. The vertical lines extend from + to — the standard error of the 
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7 Total as 
% calc. 
| 
0-984. 0-04 243421 
0-99+0-04 206411 267420 
| 0-2140-04 323461 0224004 365460 
0-3340-02 159415 0514009 257437 
0454004 21549 0454006 225424 
| 0954010 151415 226 4.18 
0-4940-05 134417 269 + 38 
7 0-4640-10 175434 173418 
2644.14 
q column, e.g. anterior right lobe. 
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differences; though the anterior right and caudate lobes increase equally, the 
increase is consistently less in the more posterior triangular and posterior 
caudate lobes. 

As regards collagen, the results at 3 weeks are similar to those previously 
reported (Harkness, 1952a); collagen only rises to about two-thirds the original 
total by this time. Between 3 and 6 weeks there is a further increase, and the 
total reaches nearly the original. The weight of the liver has, however, risen 
well above the original, and is still therefore almost as far ahead of the collagen 


| 


Percentage initial value 


3 
0 3 6 
Weeks after partial hepatectomy 
Fig. 2. Collagen of separate fractions of anterior right (AR) and posterior caudate and triangular 
(PCA) lobes. (Note. The vertical lines extend from + to - the standard error of the mean.) 


in growth as at 3 weeks. It appears that the 3 weeks’ state is not one of equili- 
brium, and that, if the rolation of collagen to liver weight ever returns to 
normal after partial hepatectomy, it is only after a relatively long time. The 
increase of total collagen of the individual lobes shows the same difference 
between lobes as appeared in weight. In the anterior right lobe in normal 
animals only about one-sixth of the total collagen was in the capsular fraction, 
the remainder being divided equally between the vascular and parenchymal 
fractions. The combined posterior caudate and triangular lobes had a similar 
fraction in the parenchyma, the remaining collagen in the latter lobe corre- 
sponding to the combined capsular and vascular fractions of the anterior 


300 
PCA Residual 
AR Vascular 
AR 
200 Parenchymal } 
100 


488 MARGARET L. R. HARKNESS AND R. D. HARKNESS 


right lobe. Contrary to expectation the greatest proportional increase through- 
out regeneration was in the capsular fraction. In the anterior right lobe at 
3 weeks the parenchymal fraction had increased more than the vascular, but 
between 3 and 6 weeks it increased very little more while the vascular fraction 
increased considerably. The capsular fraction is relatively small and change in 
the residual non-parenchymal fraction of the posterior caudate and triangular 
lobes will reflect mainly change in the vascular fraction. The residual non- 
parenchymal fraction of the posterior caudate and triangular lobes shows 
similar change to the vascular fraction of the right anterior lobe. 


DISCUSSION 


In these experiments we have used the wet weight of the liver as an index of 
the growth of the organ for comparison with change in collagen content, This 
could not be done without qualification, if we had been investigating the early 
stages of regeneration when considerable changes in the composition of the 
organ take place. It appears from available evidence, however, that the com- 
position of the liver returns to normal before the times we have investigated, 
i.e. 3 and 6 weeks postoperatively. The results of Bogetti & Mazzocco (1939) 
indicate that the total solid content of the liver comes back to normal about 
the 8th day after partial hepatectomy, though perhaps one should not place 
too much reliance on this, because their results show relatively enormous and 
unexplained fluctuations between operation and the 8th day. Gurd, Vars & 
Ravdin (1948) give average total solid figures of 29-9 and 30-5 g/100 g wet 
weight respectively for controls and animals killed 14 days after partial 
hepatectomy. Crandall & Drabkin (1946) give a figure for 14-day regenerating 
liver which differs slightly but significantly in the same sense, i.e. greater solid 
content, from liver removed at operation. However, it has been pointed out 
(Harkness, 19526) that the handling of the lobes which is inevitable in their 
removal at operation may cause minor oedema which could give rise to a small 
difference in the solid content in the sense found. It is of interest that Crandall 
& Drabkin, in the same paper (1946), give a figure for the solid content of 
normal rat liver which is higher than that for liver removed at operation, 
and nearer to their figure for 14-day regenerating liver, from which it does not 
differ significantly (¢ test, P > 0-05, Fisher, 1946). The individual components 
of liver appear generally to return to normal concentration between the 7th 
and 14th postoperative days approximately. Gurd et al. (1948) found practi- 
cally no difference in total protein content of normal and 14-day regenerating 
liver; the concentration of collagen in liver is so low that such changes in its 
concentration as occur do not affect the total protein content appreciably. 


Total lipid (Bogetti & Mazzocco, 1939; Gurd et al., 1948), neutral fat, total 


phospholipid, free and ester cholesterol concentrations (Ludewig, Minor & 
Hortenstine, 1939), are practically normal by the end of the first week after 
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partial hepatectomy. Glycogen is back to normal concentrations by the end 
of the first postoperative week according to Gurd et al. (1948), though Stone 
(1935) reports it as still somewhat below normal as late as the 28th day. 
Novikoff & Potter (1948) report that ribonucleic acid (PNA), after an initial 
rise, falls back to normal concentration about the end of the first week. 
Johnson & Albert (1952) record PNA concentration as still above normal at 
14 days, while Drabkin (1947) records it somewhat below normal at this time. 
The concentration of desoxyribonucleic acid (DNA) is recorded as somewhat 
above normal at 14 days by Johnson & Albert (1952), and considerably above 
by Drabkin (1947). This raised DNA concentration may represent an increase 
in the population of cells of the macrophage type, reported by Abercrombie & 
Harkness (1951) as present on the 7th but not on the 2ist day. It does not 
seem worthwhile to review here the whole literature on enzymes in regenerating 
liver; it appears that most of the systems investigated return to nearly normal 
activity within about a week, though there are exceptions. Thus it appears 
that the composition of the rat’s liver regenerating after partial hepatectomy 
returns in most respects to normal within 2 weeks. 

It seems clear from our results that the low degree of regeneration of collagen 
previously found at 3 weeks (Harkness, 19524), does not represent an equili- 
brium state of liver structure altered in accordance with the modified shape of 
the regenerated liver. Though the change of shape of the liver must have 
reduced the area of the peritoneal capsule relative to the weight, the capsule 
showed a greater relative increase than any other fraction of the collagen. 
A possible explanation of this is a mild inflammatory reaction resulting from 
the operation. Of the other two fractions the parenchymal regenerated faster 
than the vascular. This was expected since the parenchymal contains the 
reticulin and is closely associated with cells which return very nearly to their 
normal number and size (Abercrombie & Harkness, 1951) by 3 weeks. Never- 
theless, this parenchymal fraction did not return to normal; the quantity of 
collagen in it per unit weight of lobe is still below normal both at 3 and 6 weeks. 
One cannot tell whether this abnormality reflects change in the structure of the 
sinusoids or of the small interlobular and other vessels in the fraction or both. 

It appears that different factors determine the formation of collagen in the 
different fractions. There were also some differences between lobes. It is known 
that the streams of blood entering the portal veins do not mix completely in 
normal animals, that from the spleen going mainly to the left while that from 
the mesenteric vein goes to the right of the liver (see Hahn, Donald & Grier, 
1945), A difference in the composition of the blood reaching the different lobes 
could explain our results, but this would have to be a dorso-ventral difference 
and this does not appear to have been observed. 
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‘SUMMARY 


1. Increase of collagen in regenerating liver has been investigated in rats 
3 and 6 weeks after partial hepatectomy. 

2. The collagen content of the liver still lagged behind increase in fresh 
weight of liver even at 6 weeks, though it had drawn somewhat nearer to it 
than at 3 weeks. | 

3. A procedure for separating different fractions of liver collagen was used. 
These fractions behaved differently during regeneration. The greatest increase 
in collagen was in the capsular fraction. 


4. The separate lobes of the liver increased approximately equally in weight 


and collagen content, though there were some small differences. 


We should like to record our thanks to Prof. G. L. Brown for criticism of the manuscript, to 
Miss 8. M. Fitch for technical assistance and to the Nuffield Foundation for a grant. 


REFERENCES 


Asrrcromaig, M. & Harxwzss, R. D., (1951). The growth of cell the properties in 
tissue culture of regenerating liver of the rat. Proc. Roy. rien, 040-061. 

Bocerrti, H. & Mazzocoo, P. (1939). Contenido en grass ntrégeno y agua on el higndo en el 
miisoulo después de la hepatectomis parcial, en la rata blancs. Rev. Soc. argent Biol Biol. 15, 

Bowzs, J. H. & Kewren, R. H. (1949). Some observations on the amino-acid distribution of 
collagen, elastin and reticular tissue from different sources. Biochem. J. 45, 281-285. 

to other pigments. J. biol. Chem 

D. L. (1947). Influence of amount 
of tissue excised and of diet, with a note on accompanying changes in liver nucleic acids. 
J. biol. Chem. 171, 395-408. 


pe Be po ec Statistical Methods for Research Workers, 10th ed. Edinburgh and London: 


Psi a Vans, H. M. & Ravom, I. 8. (1948). Composition of the liver 
after y in normal and protein-depleted rats. Amer. iol. 152, 

Hann, P. F., Donaup, W. D. & Guimr, R. C. (1945). The bilaterality of the 


Harxness, R. D. (1952a). Collagen in regenerating liver of the rat. J. Physiol. 117, 257-266. 
Het of the partie! hepatectomy, J. Physiol. 
» Mancarer L. R. & Harkness, R. D. (1953). Further observations on collagen in the 
liver of the rat after partial hepatectomy. (1068). 120, 6P. e z 
Hicers, G, M. & Anpzrson, R. M. (1931). Experimental pathology of the liver. 1. Restoration 
eho of the white yarttsl cungical Arch. Poth, (Leb, 13, 
Jounson, R. M. & 8. (1952). phosphorus following 
partial hepatectomy. Arch. 
Lupewie, 8., Mrvor, G, R. & Honrenstivz, J. C. (1939). distribution in rat liver after 
Pros. Ses. exp. 48, 18-16 
EpksS, G. (1932). A new error of tyrosine metabolism : Tyrosinosis, the intermediary metabolism 
of tyrosine and phenylalanine. Biochem. J. 26, 917-940. 


N 

» 
f 
v 
“2 


COLLAGEN IN REGENERATING LIVER 491 
Neuman, R. E. & Logan, M. A. (1950). The determination of collagen and elastin in tissues. 
J. biol. Chem. 186, 549-556. 


Novixorr, A. B. & Porrsr, V. R. (1948). Biochemical studies on regenerating liver. J. biol. 
Chem. 173, 223-238. 


Pa 8. 0 Feeding and breeding of laboratory animals; rat and mouse cubes and cube 
. J. Hyg., Camb., 44, 491-500. 
rome . & eyeasen, C. A. (1936). A modified method for the study of tissue oxidations. 
J. biol. Chem, 114, 495-504. 
hepatectomized rats. Arch. Surg., Chicago, 31, 662-676. 


a 
2 
« 


J. Physiol. (1954) 123, 492-500 


THE COLLAGEN CONTENT OF THE REPRODUCTIVE TRACT 
OF THE RAT DURING PREGNANCY AND LACTATION 


BY MARGARET L. R. HARKNESS anpv R. D. HARKNESS 
From the Department of Physiology, University College, London 
(Received 10 August 1953) 


Though a number of histological investigations of the changes in supporting 
elements of growing tissues have been made, very few quantitative observa- 
tions have been reported on the chemical constituents of these supporting 
elements and on the relation between their growth and that of the tissue as 
a whole. Abercrombie & Johnson (1946) estimated collagen chemically in 
degenerating and regenerating nerve, and Harkness (1952) collagen in liver 
regenerating after partial hepatectomy. In both these cases collagen forma- 
tion was a slow process which lagged considerably behind changes in the 
principal cellular elements of the tissue. Quantitative estimation of collagen 
in cirrhosis of the liver produced by carbon tetrachloride have shown similarly 
that its increase is slow (Morrione, 1949), a result which confirms expectation 
from histological observations (e.g. Cameron & Karunaratne, 1936). It seemed 
to us of interest to make observations on the relation between collagen forma- 
tion and other tissue changes in other situations. We therefore examined the 
collagen content of the reproductive tract of the rat during pregnancy and 
lactation. We found in the pregnant uterus quite a different picture from 
that found in the investigations previously mentioned, in that collagen forma- 
tion closely paralleled growth in wet weight during pregnancy. Similarly, in 
the puerperium, the decrease in wet weight of the uterus was closely paralleled 
by a drop in the total collagen content of the uterus. No change in the total 
collagen content of the vagina was found. 

A preliminary report of this investigation has already been made (Harkness 
& Harkness, 1953). 


METHODS 


Animals. Virgin female albino rats of the local strain were used. They were kept in the animal 
house at 21° C room temperature in cages of about ten animals each and allowed free access to 
food (M.B.C, diet no. 41, Parkes, 1946) and water at all times. 

Timing of pregnancy. We began by following the oestrous cycles by examination of vaginal 
smears and giving the males access to the females at what we expected to be the correct time, 
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leaving them together for 24 hr. We found this procedure time-consuming and inefficient in that 
our anticipation too frequently did not accord with the result. Only a few pregnancies were timed 
by this method. We finally adopted the following routine. The animals were marked with dye on 
the hair and weighed individually every Monday morning. Males were placed in the cages from 
Monday morning to Wednesday morning. All pregnancies were dated as from the Tuesday and 
this gave a possible error of + 1 day. No attempt was made to discover whether the animals were 
pregnant or not until the time when they were killed and the precise duration of pregnancy 
(+1 day) was then judged by the appearance of the uterus and contents. For example, suppose 
the males were placed in the cage on three successive weeks from Monday to Wednesday and on 
the fourth Tuesday an individual female was removed and killed. This individual must have been 
pregnant for 7, 14, or 21 days, precisely which time could easily be told from the state of the 
uterus. It was in fact usually possible to tell the duration of pregnancies before death in the last 
week or so from the change in the weight of the animal. 

Collagen estimation. Collagen was estimated by the method of Neuman & Logan (1950), 
modified as described previously (Harkness & Harkness, 1954). This method was chosen in 
preference to that of Lowry, Gilligan & Katersky (1941) because of its greater specificity, since 
it is based on estimation of hydroxyproline in acid hydrolysates of gelatin obtained by autoclaving, 
rather than on the weight or nitrogen content of the gelatin. Two samples of hydroxyproline 
were used as standards, one commercial (Louis Light and Co.) and one kindly provided by 
Dr Neuberger of the National Institute for Medical Research, Mill Hill. Neither of these showed 
any ninhydrin reacting material other than hydroxyproline when 300yug was run chromato- 
graphically on paper with phenol-ammonia and collidine as solvents. Both gave the same 
standard curve of colour development. 

Removal of tissues for analysis. The animals were killed by a blow on the head and breaking the 
neck, The abdomen was opened and the uterus was removed. At the lower end, the vaginal wall : 
was cut off as close to the cervix as possible. At the upper end, the uterus was cut across at the 
junction with the Fallopian tubes. The two horns were cut from the cervical portion of the uterus. 
They were then opened and the contents removed. The weight and collagen content of each horn | 
were determined separately. The vagina was separated from surrounding tissues by blunt dis- 
section and cut across, at the lower end, at the junction with the skin where hair first appears. The 
individual horns, cervix and vagina were analysed separately. They were broken up by grinding 
with sand. 


RESULTS 
The data have been condensed by grouping the animals over suitable intervals 
of time and are given in Table 1 and Fig. 1. Of the parts of the genital tract 
investigated, the vagina is normally the most collagenous (8-1°%), the cervix 
next (39%), and then the horns of the uterus (2-6 %) (% denotes g collagen/ 
100 g wet weight of tissue). In Fig. 1 the wet weight and collagen content of 
the whole empty uterus are expressed as a percentage of the values at oestrus 
and plotted against time. During pregnancy the collagen content of the 
uterus increases, for the first 10 days apparently a little faster than the weight, 
and thereafter only slightly more slowly. After parturition both weight and 
collagen content of the uterus fall precipitously, eventually to reach values 
below the original oestrous figure. In Fig. 2 the weight and in Fig. 3 the 
collagen content, of the horns, cervix and vagina, expressed as percentages 
of the oestrus value, are plotted individually against time. As would be 
expected, much the greatest changes are shown by the horns, but there are 
also changes in the weight of the cervix and vagina. There is an increase in the 
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collagen content of the cervix during pregnancy and a subsequent rapid fall. 
There appears to be no change in the collagen content of the vagina over the 
period of time under investigation. 

In the results so far given no allowance has been made for the number of 
foetuses present in the uterus. It will be seen from Table 1 that the mean 
figure did not vary much between the groups at different times of pregnancy, 


j Expected time of parturition 
! 


! 
! 
200 
i 
100 
10 20 0 10 20 
Days of pregnancy Days of lactation 


Fig. 1. Fresh weight, ©, and total collagen, @, of uterine horns and cervix during 
pregnancy as a percentage of the value at oestrus: grouped data. 


so that the general picture is unaffected if the number of foetuses is ignored. 
It is of interest to record the effect of the number of foetuses on the growth 
of the individual horns. The weight and number of foetuses in individual horns 
is given in Fig. 4, which includes a number of animals not included in Table 1 
since the collagen analyses were accidentally lost. As would be expected there 
is a generally close correlation between the weight of the horn and the number 
of foetuses in it. It appears, however, that even in the absence of a foetus 
there is some increase in the weight of the horn. The rate of increase of weight 
with time after about the 7th day is approximately linear for any given number 
of foetuses. The values can be described fairly well by the expression 
W =0°1+0-015(t —7) +0-0l4n(t—7), 

where W is the weight in g of the horn, ¢ is the time from the start of pregnancy 
and is the number of foetuses in the horn. The second term on the right- 
hand side, 0-015 (¢—7), represents the growth in the absence of a foetus. In 
previous studies (Reynolds, 1949) the graph of uterine weight against time for 
rats has been found to be curved, the slope increasing somewhat as pregnancy 


progresses. 
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In Fig. 5 are given data on collagen content of the horns and number of 
foetuses. A somewhat similar relation obviously holds between collagen 
content and number of foetuses, as between weight and number of foetuses, 


Estimated time of parturition 
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300- 
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Fig. 2. Fresh weight as percentage of oestrous value. 


1 Estimated time of parturition 
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Fig. 3. Total collagen content as percentage of oestrous value. 


though it is less consistent and the time curve is not quite linear but rises more 
rapidly towards the end of pregnancy. The data are fitted approximately by 
the expression 

C =4-5 +0-37(¢—7) + 0-16n(¢ 
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Fig. 4. Weight of individual horns and number of foetuses in horn. @, 5 or more 
foetuses; O, 4 or less foetuses. 
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| Fig. 5. Collagen content of individual horns and number of foetuses in horn. @, 5 or more foetuses; 
: O, 4 or leas foetuses. Note. This figure includes data on two rate not included in Table 1; 

these rats were encountered by chance in the course of other work and investigated because 

the difference between the number of foetuses in the two horns was large. (13 days, 2 and 

6 foetuses; 17 days, 0 and 9 foetuses.) 
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where C is the collagen content of the horn in mg, ¢ is the time from the start 
of pregnancy and n is the number of foetuses in the horn. This expression is 
empirical and must be regarded as only a rough approximation. The object of 
presenting it is to show that the departure from linearity in the relation of 
collagen content to time is not great. 

In the present series of rats the relation between the weight of the contents 
of the uterus per foetus and time of pregnancy, obtained by plotting log,9¢ (time 
from start of pregnancy) against log,,W (weight of a single foetus plus its 
associated structures), which gave a straight line, was described by the equa- 
tion W =at®, where a and 6 are constants equal to 6 x 10-* and 6 respectively. 
Thus the weight of the individual pregnancy increased as the sixth power of 
time while the quantity of collagen in the wall increased approximately as the 
first power only. It is fairly clear from these relations that the quantity of 
collagen per unit area of wall must decrease as pregnancy progresses, pre- 
sumably with a resultant increase in distensibility. In view of the evidence 
that distension plays an important part in determining the extent of growth of 
the walls of the uterus under different endocrine conditions (see Reynolds, 
1949), it would be interesting to relate the growth of collagen to the forces 
acting in the wall. To do this, however, we should require additional informa- 
tion, particularly on the relative amounts of collagen laid down at the placental 
sites and in the myometrium. = 


DISCUSSION 


Our observations show a very rapid formation of collagen in the walls of the 
uterine horns.during pregnancy ; far more rapid than in liver regenerating after 
partial hepatectomy, and growing in weight at a comparable rate. It would be 
of interest to relate our observations on collagen to observations on other 
components of the uterus. However, there appear to be no relevant ones 
available in the literature, even, for example, on the total solid or protein 
content of the pregnant rat’s uterus. There is evidence that the percentage 
of water in the walls of the uterus of the rabbit increases during pregnancy 
(Graubard & Pincus, 1940). If changes similar in degree took place in the 
rat’s uterus, the growth of collagen would follow a course close to that of the 
total solid. | 

The formation of collagen, like the growth in weight of the uterus, appears 
to be mainly dependent upon the number of foetuses present’ in the horns, 
though some change takes place in an empty horn during pregnancy. It 
appears that the proportional increase in weight and collagen in the cervical 
region of the uterus is quantitatively similar to that in an empty horn. We had 
thought it possible that the softening of the cervix which takes place during 
pregnancy might involve reabsorption of collagen, but it appears from our 
results that this is not so; at all events there is no net loss though there may be 
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local reabsorption. There is, however, a greater increase in the weight of the 
cervical region than in its collagen content, so that the concentration of 
collagen falls, as would be expected from histological observations (see 
Hughesdon, 1952, for observations on human material), Nevertheless, this 
fall in concentration is small; smaller in fact than one might expect from the 
change in the properties of the cervix. 

Of perhaps even greater interest than the rise in collagen content of the 
uterus which takes place during pregnancy is the precipitous fall which takes 
place after parturition. Part of this fall could represent a simple dissolution 
and shedding into the lumen of the lining of the uterus including the placental 
beds. However, it is well known that there is a great increase in the bulk of the 
uterine muscle during pregnancy, and it seems in the highest degree improbable 
that collagen formed in the endometrium could entirely account for the great 
increase found in pregnan¢y. Thus it appears that the fall in collagen content 
of the uterus after parturition must in part at least represent a reabsorption 
of collagen. At present there is not enough information available to make it 
worth while to discuss the mechanisms by which this reabsorption could be 
brought about. 


SUMMARY 


1. Changes in the collagen content of the walls of the uterine horns, the 
cervix and the vagina of the rat during pregnancy and lactation have been 
examined. 

2. During pregnancy the total amount of collagen in the uterus increased 
in a similar manner to the wet weight but by a slightly smaller amount. 

3. The greatest proportional change was in the horns and its extent was 
related to the number of foetuses present. 

4. Thecervix showed a much smaller increase in collagen content, of the same 
order as that found in an empty horn of the uterus. 

5. After parturition the collagen content of the uterus fell precipitously, 
following the wet weight, and eventually reaching a value below the original 
at the start of pregnancy. 


6. There was no significant change in the collagen content of the vagina 
throughout the period investigated. 


We wish to record our thanks to Miss 8. M. Fitch for technical assistance and to the Nuffield 
Foundation for a grant. 
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THE ACTION OF BOTULINUM TOXIN ON MOTOR-NERVE 
FILAMENTS 


By VERNON B. BROOKS 


From the Department of Physiology, McGill University, 
Montreal, Canada 


(Received 10 August 1953) 


Burgen, Dickens & Zatman (1949) suggested that botulinum toxin produces 
neuromuscular block by specifically affecting peripheral parts of motor nerves. 
They put forward two main alternative hypotheses to account for this: either 
‘transmission of the nerve impulse through the fine unmyelinated nerve fibres 
to the acetylcholine-releasing region in apposition to the end-plates may be 
blocked ...”’ or ‘... the synthesis of acetylcholine by the nerve endings is 
inhibited.’ Their data favoured the first solution. The present experiments 
were therefore undertaken in an attempt to settle this question. The results 
suggest that the site of block produced by type A toxin is situated far peri- 
pherally in motor nerve branches; the release mechanism of acetylcholine does 
not appear to be inactivated by any direct effect upon it, but merely because 
impulses from the nerve trunk cannot reach it, A preliminary account of some 
_of the experiments has already appeared (Brooks, 1953). 


METHODS 

Types of toxin 
Both crude and crystalline toxins (Type A) were used. The crude toxin was kindly supplied by 
Prof. G. B. Reed, Department of Bacteriology, Queen’s University, Kingston, Ontario. The 
material was the acid precipitate of the bacterial culture medium, and was obtained either as 
powder, or as a brown sludge at pH 6-6. Buffered dilutions of these materials were prepared either 
with 0-15 m sodium phosphate or with 0-12 sodium acetate, containing a final concentration of 
0-2 % gelatin. The toxicity ranged from 10* to 10’ mouse lethal doses (LD,,) per g of dried material. 
Crystalline toxin was kindly provided by Dr E. J. Schantz, Frederick, Maryland, U.S.A. Thecolour- 
less stock solution was maintained at pH 3-8 in 0-05m acetate buffer, and contained a final 
concentration of 0-2% gelatin. The usual toxicity was about 10° LD,,/mg nitrogen. All solutions 
were stored at 3° C. Aliquot portions of stock solutions were suitably diluted with Ringer-Locke’s 


fluid just before use. 
Recording of muscle potentials 
Action potentials of groups of muscle fibres were recorded from the surface of the gracilis 
anterior muscle in the cat anaesthetized with chloralose (80 mg/kg i.v., Hoffmann-La Roche). 
The motor nerve was stimulated with supramaximal rectangular waves of constant voltage, 
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lasting 0-3 msec, at frequencies ranging from 6 to 60/min. The parameters of the pulses were 
electronically controlled. End-plate regions were localized by finding sites from which end-plate 
potentials of maximal amplitude and minimal latency could be recorded after intravenous 
injection of 0-2 mg/kg p-tubocurarine (crystalline, Burroughs-Wellcome) or of 0-05 mg/kg 
decamethonium-iodide (Burroughs- Wellcome). The surface of the muscle was covered with mineral 
oil. The preparation and method have been described by Brown & Burns (1949) and by Burns & 
Paton (1951). A few experiments were performed with the guinea-pig’s excised serratus eateries 
muscle, tecording from anéural parte of muscle fibres (Brooks, 1951). 

blunt-tipped, springy, platinum-wire recording electrodes, each touching the muscle over approxi- 
mately 0-25 mm*. Action potentials of a few fibres only were recorded from the surface of the 
serratus muscle with smaller electrodes. The tips of the recording leads were about 200 apart 
in both the horizontal and the vertical planes (Fig. 4™). The lower lead was either a sharp steel 
needle, varnished to its tip, which had a diameter of about 0-01 mm, or a platinum wire of approxi- 
mately the same diameter, sealed in a glass capillary flush with the tip, which was then ground 
flat. The upper electrode was made of varnished copper wire of 0-08 mm diameter, cut off square 
at its lower end. 

The recording equipment consisted of a 4-stage push-pull amplifier, connected through capacities 
of variable time-constants to the amplifiers of an oscilloscope (Cossor, model 1049). When high- 
impedance electrodes were used, a cathode-follower input stage was inserted between recording 
leads and amplifier. The frequency response of the system without the input cathode-follower was 
flat from 10 to 5000 c/s, which was adequate for the comparisons of slow and fast potentials made 
in those experiments. The high-frequency base-line noise was about 15 nV. 


A Maintenance of the experimental preparations 
and after injections of paralysing drugs. The pool of oil covering the exposed gracilis muscle was 
kept between 34 and 37° C by radiation from a lamp. Excised guinea-pig muscle was immersed in 
modified Ringer-Locke’s solution (Table 1) in baths made from Petri dishes or Buchner funnels. 


Solutions were oxygenated by blowing oxygen through them either from small gas bubblers or 


1. Modified Ringer-Locke’s solution 


NaCl 149-00 mu 
KCl 5-60 mu 
2-17 mu 
NaH,PO, 1-0 6-00 mm (Na) 
11-00 mu 
Assays of acetylcholine output 


nerves, after the animals had been stunned by a blow on the head. By choosing smal! animals 


and by trimming the ribs as closely as possible to the diaphragm, the amount of intercostal muscle 


included in the preparation was reduced to a minimum. This point was of importance in the 


comparison of the amounts of acetylcholine released by stimulation of the phrenic nerves and by 
sending current pulses through the bath. The phrenic nerves were stimulated supramaximally at 
30/sec through platinum wire electrodes. The muscle fibres and nerve endings were excited directly 
at 30/sec by discharges from the secondary coil of an inductorium, led into the bath through 
chlorided silver plates. The baths, containing 10-* eserine sulphate (Merck) in Ringer-Locke’s 
solution, were maintained between 35 and 38° C by immersion in a thermostatically controlled 
water tank. The amounts of acetylcholine released were assayed by measurements of the depression 


j through the stems of the funnels. 
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of the arterial pressure of chloralosed cats (80 mg/kg i.v.). Samples (2 ml.) of the bath fluid were 
injected into the jugular vein, usually within 15 min after removal from the bath, and their effects 
were compared with those of known doses of acetylcholine (Hoffmann-LaRoche) injected in total 
volumes of 2 ml. The sensitivity of the cats to acetylcholine was increased by intravenous injection 
of 0-1 mg/kg eserine sulphate. The cats were usually eviscerated. 


RESULTS 


Botulinum toxin does not impair conduction in motor-nerve trunks (Bishop & 
Bronfenbrenner, 1936; Guyton & MacDonald, 1947). This was confirmed for 
A, B and C fibres of the cat's excised phrenic, sciatic, and thoracic vagus nerves, 
when exposed to 10* LD,,/mil. of toxin for up to 5 hr; the perineurium of the 
sciatic nerve was removed, Both action potential amplitude and conduction 
velocity remained unchanged. 

Similarly, reports of normal direct excitability of minedle fibres paralysed 
to indirect excitation with toxin were confirmed. The thresholds to direct 
excitation of the guinea-pig’s excised serratus muscle were tested by applying 
shocks with platinum wire electrodes to the surface of the muscle after the 
preparation had been paralysed with p-tubocurarine. Thresholds did not 
change after subsequent addition of toxin, although changes of 3% could have 
been measured. 


Action potentials of muscle fibres 

The simplest procedure for detecting whether nerve impulses reach the 
motor-end-plates, when neuromuscular conduction has been blocked with 
toxin, is to record action potentials of muscle fibres from an end-plate zone. 
The most distal end-plate group of the cat’s gracilis muscle was localized, as 
described in ‘Methods’, and the recording electrodes were left in place while 
the effects of curare or of decamethonium wore off; when maximal nerve 
volleys again produced action potentials of normal size, 10’-10° LD, of botu- 
linum toxin were injected intravenously. Within 10-30 min the muscle action 
potentials started to decline; the decline continued until they disappeared 
about 1-2 hr after administration of the toxin. The total time to paralysis 
depended on the state of the circulation of the muscles. Since end-plate 
potentials were not seen in any experiment, the transmission of nerve impulses 
must have been arrested peripherally to the nerve-trunk, but proximally to 
the end-plates. 

In muscles from cats and guinea-pigs Masland & Gammon (1949) found, 
during partial block with botulinum toxin, that the second of two maximal 
motor nerve volleys, when separated from the first by intervals of between 
10 and 300 msec, elicited greater muscle potentials than the first volley alone. 
However, the maximum potentiation was only 20% (fig. 2, Masland & 
Gammon, 1949). A much greater increase was observed in the present experi- 
ments with the cat’s gracilis and the guinea-pig’s serratus muscles. The motor 
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nerve trunk was stimulated supramaximally with single and double shocks in 
alternation. Fig. 1 shows that as the amplitudes of potentials elicited by single 
volleys decline, the relative amplitudes of the second responses increase. After 
single volleys fail to excite any muscle fibres, double volleys can re-establish 
neuromuscular transmission to some fibres, for a period of 1-2 sec. The relation 
of the amplitude of the first and second responses is plotted in Fig. 2. 


Fig. 1. Muscle action potentials during action of botulinum toxin. Cat, 2-5 kg, 200 mg chloralose 
i.v., gracilis preparation, ding from fixed position on surface of most distal end-plate zone, 
as shown in inset diagram. Time constant of recording system =0-2 sec, Nerve trunk 
stimulated supramaximally 12/min, alternately with single and double shocks. Each frame 
(A-E) represents double exposures of frames to successive single and double volleys for 
comparison. A: end-plate potentials, 20 min after intravenous injection of 0-12 mg de- 
camethonium. B: action potentials after recovery from decamethonium but before injection 
of toxin. C: 52 min after intravenous injection of 10° LD,, of crude botulinum toxin. 


D: 68 min after injection of toxin. E: 113 min after injection of toxin. Calibrations: 0-5 mV; 


1-0 msec, 


The facilitation observed with double volleys provides another opportunity 
of testing for the appearance of end-plate potentials. If the success of the 
second volley were due to summation at the post-synaptic face of the neuro- 
muscular junction, then the first unsuccessful volley should produce an end- 
plate potential from which the muscle action potential due to the second volley 
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should arise. The records C-E in Fig. 1 show that this is not the case; the second 
as well as the first response is a rapidly rising diphasic potential, even when 
its amplitude has decreased to less than one-fifth of the amplitudes of end- 
plate potentials recorded in the presence of curare or decamethonium. This 
again confirms the pre-synaptic locus of the block produced by toxin, and the 
essential difference between the actions of botulinum toxin and those of curare 
or of decamethonium. Sometimes monophasic potentials were seen as responses 


Amplitude 


Ff 


0 10 20 30 4 SO 6 70 8 9 100 110 120 130 140 150 160 
Time after toxin (min) 


Fig. 2. Time course of changes of muscle potential during action of botulinum toxin. Cat, gracilis 
preparation, data from same experiment as Fig. 1. Arrangements shown in inset diagram. 
©: amplitudes of muscle potentials at various times after administration of toxin, in response 
to single maximal nerve volleys at 12/min, plotted as percentage of normal amplitude (after 
recovery from effects of decamethonium, but before injection of toxin). []: amplitudes of 
muscle potentials in response to second of double maximal nerve volleys, separated by 


1-8 msec, plotted as percentage of responses to first volleys recorded at that time after injection of 
toxin. 


to single nerve volleys. In all instances they had shorter durations than end- 
plate potentials, and did not disappear when the recording electrodes were 
moved 1-2 mm in either direction from the end-plate zone. Most likely they 
originated from fibres distant to the recording leads, after the fibres immedi- 
ately beneath the electrodes had been paralysed. 

The duration of the potentiation created by a maximal volley, upon one 
following after various intervals of time, was tested repeatedly after injection 
of toxin. A plot of a representative experiment is shown in Fig. 3. The shift of 
the ‘recovery curve’ to the left (and to values exceeding 100%) during the 
action of botulinum indicates that double nerve volleys activate previously 
idle muscle fibres. A few occasional observations showed that the potentiation 
extends to at least 160 msec, which was the longest interval between volleys 
tested. As the amplitudes of action potentials decrease, latencies of responses 
to single volleys increase (Table 2). Guyton & MacDonald (1947) observed a 
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mean increase of latency of action potentials of 0-3 msec in partly paralysed 
guinea-pig’s gastrocnemius. Since conduction velocity in nerve trunks remains 
normal, the delay probably occurs in those nerve branches beginning to be 


8 


_Amplitude of the second response as % of the first 


Fig. 3. Facilitation of muscle potentials during action of botulinum toxin. Cat, gracilis preparation, 
data from same experiment as Figs. 1 and 2. Inset diagram shows arrangements. Curves 
relating the amplitudes of the responses to the second of double maximal nerve volleys to the 
interval between the two stimuli (in msec); each value is expressed as a percentage of the 
response (not shown) to the first volley of that pair. ©: normal preparations, recovered from 
effects of decamethonium, but before injection of toxin. 4A: 45-60 min after injection of 
toxin. [): 85-100 min after injection of toxin. 


TaB_e 2. Changes of latency during the action of botulinum toxin. 


Mean 
*normal’* 
latency Final _Increase of 
+8.D. No. of latency latency 
Preparation (msec) observations (msec) (msec) 
Cat’s gracilis in situ 
Many fibres 2-8040-0006 12 3-40 0-60 
Many fibres 1-99 + 0-0033 10 3-20 1-21 
Excised guinea-pig’s serratus 
Many fibres 5-2540-016 10 6-50 1-25 
Motor unit 1-75+0-095 25 2-01 0-26 
Few fibres 1-82+0-0008 45 2-03 0-21 
Few fibres 2-944 0-045 | 3-50 0-56 
Mean increase for guinea-pig’s serratus 0-57 


* ‘Normal’ latency refers to last stable period after application of toxin before final rise of 


affected by the toxin. The deduction that previously idle fibres are discharged 
by the second volley is also borne out by the changes of latency. As the 
relative number of fibres discharged twice by double volleys decreases, the 
proportion of fibres discharged only by the second volley increases. Accordingly, 
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the latencies of the responses to second volleys decrease from values denoting 
relative refractoriness towards the same values as obtained with single volleys 
at that time after administration of toxin. 


Fig. 4. Fractionation of a motor unit by botulinum toxin. Guinea-pig’s excised serratus prepara- 
tion. Action potentials of muscle fibres belonging to one motor unit, recorded from a fixed 
position on aneural parts of muscle surface (diagram N), in response to single maximal nerve 
volleys at 20/min. Time constant of recording system =0-2sec. Time after addition of 5 x 10* 
| LD, crude toxin to bath, and strengths of nerve stimuli: A: 48 min, 0-25 V; B: 47 min, 
f 2-5 V; C: 49 min, 0-25 V; D: 50 min, 2-6 V; E: 56 min, 0-28 V; F: 57 min, 2-6 V; G: 62 min, 
: 0-25 V; H: 64 min, 26 V; K: 64-5 min, 2-6 V; L: 65 min, 2-6 V; M: diagram of recording 
electrodes (see ‘Methods'), dimensions in ». Double exposures in C and E show that stimuli 
were just threshold. 


} Recording the activity of a single motor unit can demonstrate that 

botulinum toxin produces a gradual fractionation of the response to that unit. 
Fig. 4 illustrates the results of such an experiment on the guinea-pig’s excised 
serratus preparation; the compound potential of the fibres within recording 
range (space constant = 0-3 mm) reacted in all-or-none fashion to shocks of all 
strengths. Comparable potentials in the two columns of Fig. 4 vary by about 
_ 5% from each other, owing to the progressive reduction of active muscle fibres 
| by the toxin during the intervals between tests. The final intermittent 
responses originate from a very small number of fibres only. 
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Estimation of acetylcholine release 

It follows from the results described in the previous sections that the cessa- 
tion of acetylcholine release in response to nerve trunk stimulation after 
application of botulinum toxin, as described by Burgen, Dickens & Zatman 
(1949), may not be due to any inherent inability of the nerve endings to release 
acetylcholine. Instead, the foregoing results suggested that toxin might 
prevent nerve impulses from reaching the release sites or of activating them. 
This conclusion can be put to direct test by assaying the amounts of acetyl- 
choline released by normal muscles when they are excited maximally (1) through 
the nerve trunk, and (2) by current pulses flowing through the bath fluid, and 
then repeating the experiment after indirect excitability has been abolished 
with toxin. The guinea-pig’s excised diaphragm preparation was used for these 
experiments, because its nerve branches are oriented at random, making it 
unnecessary to align the muscle in any special way with reference to the plate- 
electrodes used for stimulation. Table 3 summarizes the results obtained with 
normal tissue, using the procedures outlined in ‘Methods’. The data on 
release during stimulation are listed as ‘Corrected Release’ because it was 
found that under the conditions of the experiments, there was a small con- 
tinuous release of acetylcholine even from resting muscles. In contrast to the 
experience of Dale, Feldberg & Vogt (1936) with muscles perfused in situ, this 
resting release did not cease after completion of arrangements for the tests, but 
instead continued without significant change for up to 5 hr, the longest period 
of observation. A large variation of output was observed in all experiments, 
both for resting release and for the production of acetylcholine in response to 
stimulation. In all cases the amounts released during rest and those in response 
to stimulation differed at better than the 1°% level of significance. However, 
release due to stimulation of the trunk and of the nerve branches directly were 
of the same order of magnitude, although values of the latter tended to be 
higher. Analysis of variance showed that there is no constant relation between 
the resting release and that due to stimulation. The large scatter of values 
within and between experiments was neither due to changes in the tissues with 
time after dissection, nor to variation in bath temperatures, as can be seen 
from the values in Tables 3 and 4, in which experiments performed at the 
same time, with muscle chambers immersed in the same warming bath, are 
indicated by the letters a, b and c. 

After application of paralysing doses of botulinum toxin, acetylcholine out- 
put due to nerve trunk tetanization fell to the ‘resting’ level when paralysis 
was complete (Table 4). The resting release continued without significant 
change after paralysis. Thus, in Expt. 2b (Table 4) the mean resting output 
(7 trials) was 2°3 myg/min, with a standard deviation of 1-2 mug/min. Five of 
these tests were made before paralysis and two after. The means and s.D. 
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TaB.e 3. Acetylcholine output of the guines-pig’s excised diaphragm preperation. 
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Period of 
collection 
(min) 
5-0 
5-0 
20 
70 
710 
12-0 
20 
36-0 
120 
20 
19-0 
18-0 
19-0 
19-0 
15-0 


ulation 
(min) 
5-0 
5-0 
20 
2-0 
20 
2-0 
2-0 
2-0 
2-0 
20 
2-0 
2-0 
2-0 
20 
20 


dissection stim 
(min) 
100 
190 
245 
362 
437 
208 
247 
586 
125 
110 
135 
390 
378 
100 
154 


28-9+ 15-1 
(3) 


= 40-0 myg/min. 


98-0 -— (15 x 1-2) 
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values were respectively 2-2 + 1-8 and 2-1+0-8 myg/min. Similarly, the values 
for Expt. 4c (Table 4) were: all 6 trials, 0-8+0-5 myg/min; 3 trials before 
paralysis, 0-9+0-4 myg/min and 3 trials after paralysis, 0-6 +0-6 mug/min. 
Stimulation by current pulses through the bath, however, elicited releases of 
acetylcholine from the preparation comparable to those obtained by indirect 
stimulation before paralysis. Therefore the release mechanism of acetylcholine 
in the nerve endings is still capable of being activated by current flow in the 
bath at a time when the nerve filaments have been blocked by botulinum toxin. 


Facilitation across the block ‘ 


Fig. 3 shows graphically the duration of the facilitation remaining after a 
single nerve volley has reached nerve filaments under the influence of toxin. 
Such a state may be produced in nerve fibres for a few msec by local extrinsic 
potentials (Hodgkin, 1937a, 6). Brown & Harvey (1938) described temporal 
summation in neuromuscular junctions of the fowl’s sciatic-gastrocnemius 
preparation, occurring normally with intervals between volleys extending up 
to 160 msec. However, a facilitation of a hundred-fold duration follows supra- 
maximal tetanization of the motor nerve trunk at 30—-100/sec for 20-50 sec in 
cat’s and guinea-pig’s muscle poisoned with botulinum toxin. In the normal 
state such treatment decreases the amplitudes of muscle potentials slightly, 
as had been shown for cat’s muscle by Brown & v. Euler (1938). Yet, when 
toxin has produced almost complete neuromuscular paralysis, the response to 
single volleys is potentiated for 1-2 min by such tetanization of the trunk, The 
exact, time course of this post-tetanic potentiation (P.T.P.) was not obtained, 
but the following excerpt from a typical experiment establishes aantisieived 
values. 

Experiment to demonstrate post-tetanic potentiation | 

Cat, 1-7 kg, 140 mg chloralose i.v. Gracilis muscle exposed in situ, surface covered with warm 
mineral oil. Record action potentials from surface of end-plate zone. Stimulate motor nerve trunk 
throughout experiment at 12/min alternately with single and double volleys. Double volleys refer 
to stimuli applied at 1-8 msec intervals. 

2:14 p.m. 0-6 mg p-tubocurarine i.v. Localize end-plate zone. 

4:13 p.m. Stimulate nerve trunk for 60 sec at 30/sec. No P.t.P. of subsequent single volleys. 

5-10 p.m. Inject 10’ LD,, crude botulinum toxin i.v. 

631 p.m. Muscle responds only intermittently to maximal single motor-nerve volleys. 

6-50 p.m. Double maximal volleys can potentiate responses. 

6-54 p.m. No responses to double volleys. 

6-55 p.m. Stimulate motor-nerve trunk supramaximally for 60 sec at 30/sec. Now muscle 

responds to single volleys; however, amplitude decreases continually. 

6-56 p.m. Muscle responds intermittently to single volleys. 

6-57 p.m. to in potentiated by: double volleys. ' 

6-59 p.m. Stimulate motor-nerve trunk for 60 sec at 30/sec. Muscle responds now to single 

volleys, but amplitude decreases; within 30 sec only responds to double volleys. 

7-01 p.m. Muscle does not respond to double volleys. 

7-04 p.m. Stimulate motor-nerve trunk for 60 sec at 30/sec. 

trunk stimulation. 
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The durations of both the facilitation following single volleys and that 
following trains of volleys make it very unlikely that they are produced by 
summation of local potentials. An alternative cause could be a more profound 
change of the ionic distribution in the filaments at the site of action of toxin, 
and/or beyond it, produced by action potentials impinging upon these sites. 


DISCUSSION 


The present experiments demonstrate that botulinum toxin renders motor 
nerve filaments inexcitable by impulses originating in nerve trunks, but leaves 
the release mechanism of acetylcholine responsive to electric current pulses 
passing through the surrounding medium. When thus activated, approxi- 
mately normal amounts of acetylcholine are released. 

During the action of toxin, the behaviour of motor nerve filaments is similar 
in several ways to that of partly depressed fibres of nerve trunks. Tasaki (1939) 
showed that single volleys facilitate succeeding test-volleys during the ensuing 
block produced at individual nodes of Ranvier by anelectrotonus, urethane, 
or cocaine, in the toad’s excised sciatic nerve. However, the period of facilita- 
tion was only a few msec (cf. the present results with botulinum toxin). 
Similarly, Tasaki (1939) showed that nerve fibres, about to be blocked by 
depressing agents, respond intermittently and with increased latency to 
maximal volleys. 

The time course of the P.T.P. created by trains of volleys in nerve filaments 
blocked by toxin is very similar to that of a phenomenon reported by Burns & 
Paton (1951). They observed that the end-plate regions of the cat’s gracilis 
muscle remained electrically negative to neighbouring aneural parts of the 
muscle for several minutes after a direct cathodal current of 300A had been 
passed through the end-plate zone for 5 min. However, potentiation of single 
volleys through those junctions was not tested. 

Since action potentials impinging repeatedly on the block produced by toxin 
restore conduction, rather than deepen paralysis, it is likely that botulinum 
toxin inactivates nerve filaments by hyperpolarizing their cellular membranes 
at the point of action, or by making them impermeable to ions. The effects of 
trains of volleys arriving at the block would be analogous to the action of a 
persistent cathode, discussed by Burns & Paton (1951). 

An important species difference of the effects of botulinum toxin must be 
mentioned here. Burgen et al. (1949) did not observe any facilitation following 
maximal nerve volleys in poisoned excised rat’s diaphragm. This may be due 
to a more rapid combination of toxin and its target-molecules in the rat’s fibres, 
thus preventing the formation of a fringe of subliminally excitable nerve 
filaments. If this is true, it should be noted that-rate of action on any one 
filament does not correlate with general sensitivity of species to toxin; the 
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duration of the minimal period between application of toxin and onset of 
action, as well as time to complete paralysis, are no shorter in the guinea-pig 
than in the rat, although the guinea-pig is far more sensitive to botulinum 
toxin than the rat. 

Since the motor nerve filaments of the guinea-pig’s serratus muscle are 
myelinated to within 1 4 of motor end-plates, conduction block may occur at 
nodes of Ranvier which have been shown to be primary targets of anelectro- 
tonus and ionically imbalanced solutions (Blair & Erlanger, 1936; Tasaki, 
1939) and of narcotics (Tasaki & Takeuchi, 1941). The increases of latency 
listed in Table 2 could likely be explained by block at a single node, judging 
by the time relations found for amphibian fibres by Tasaki & Takeuchi (1941). 
However, nodes of Ranvier in motor nerve filaments possess no known 
specialization which would make them exclusive targets for the action of 
botulinum toxin. Dun (1951) has suggested that the points of branching of 
motor nerves are most prone to attack by procedures depressing conduction, 
because the increased surface beyond the division lowers the safety factor for 


_ conduction across it. The present results could be explained by conduction 


block at peripheral points of branching, but the evidence does not prove it. 
Furthermore, that contention does not explain why only very distal branches 
are blocked by toxin, and even more critically, why cholinergic nerves are so 
very much more sensitive than other fibres to the toxin (Ambache, 1951). It 
would have to be assumed that the distal branches of cholinergic nerves have 
distinct molecular structures with which the toxin molecules combine. No 
information is available to-day to suggest what part of the cholinergic system 
in the filaments could be involved. The work of Burgen et al. (1949) rules out 
choline acetylase and cholinesterase. The months-long recovery of locally 
poisoned preparations, reported by Guyton & MacDonald (1947), implies a slow 
rebuilding of this hypothetical substance. 

An alternative possible site of action of botulinum toxin, suggested by Dun’s 
(1951) argument, and supported by the findings of Kuffler (1948, 1949), is the 
point of geometrical discontinuity between the motor nerve filament and the 
terminal arborization, constituting the pre-synaptic part of the neuromuscular 
junction. Kuffler (1948, 1949) showed that in the frog’s nerve, current spread 
is greatly attenuated at this site. Both the selective peripheral action of toxin, 
and increased latency of muscle potentials could be explained satisfactorily on 
this basis, without having to assume chemical specialization at some of the 
more proximal nodes of Ranvier. However, the selective action of toxin on 
cholinergic nerves still remains unexplained. 
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SUMMARY 


1. Botulinum toxin (type A) abolishes indirect excitability of nerve-muscle 
preparations; constituent fibres of motor units drop out in very small groups. 

2. Motor nerve filaments of excised paralysed preparations remain excitable 
by current pulses passing through the muscle-bath, and when so excited 
release amounts of acetylcholine about equal to those released by supra- 
maximal stimulation of the nerve trunk of the same preparation before 
application of toxin. 

3. Ineffective maximal nerve volleys facilitate the passage of succeeding 
test-volleys through the block for at least 160 msec. 

4. Bursts of ineffective maximal nerve volleys (20-60 sec at 30-100/sec) 
facilitate conduction of succeeding test-volleys through the block for 1-2 min. 

5. It is concluded that botulinum toxin blocks conduction in motor nerve 
filaments either near the point of final branching or at the point of geometrical 
discontinuity between filament and terminal ramifications in the pre-synaptic 
part of the end-plate. 

6. It is further concluded that toxin likely acts either by rendering the 
filaments locally impermeable to ions or by hyperpolarizing their cellular 
membranes. 


It is a pleasure to acknowledge the help of Dr A. 8. V. Burgen, who suggested the problem and 
provided much stimulating discussion. The work was supported generously by a grant from the 
Defence Research Board of Canada. 
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THE EFFECT OF DIET ON GLYCOGEN FORMATION IN 
RAT LIVER 


By MARGARET KERLY anv J. H. OTTAWAY 
From the Department of Biochemistry, University College, London 
(Received 10 August 1953) 


There is some evidence (e.g. Long, 1953) that the composition of an animal’s 
diet may affect the ability of its tissues to metabolize various substrates. We 
have carried out experiments to test the effect of varying amounts of dietary 
carbohydrate, fat and protein on some aspects of carbohydrate metabolism. 
In this paper we report differences in glycogen formation and utilization in 
rat liver, both in vivo and in vitro, and in the following communication some 
effects on glucose and acetate metabolism in isolated rat diaphragm. 


METHODS 
Rats, mostly albino but including some black and white, bred in this Department, were weaned 
at approximately 4 weeks (a few litters at 3 or 5 weeks) and fed immediately on one of the 
experimental diets, rats from each litter being divided as evenly as possible among the different 
diets. Consumption of the experimental diets was started at weaning to allow full opportunity 
for any changes in tissue composition to develop. 

In the first series of experiments the diets were based on those used by Lawrie & Yudkin (1949), 
and were intended to include 60-70 % of carbohydrate, fat or protein respectively, without entirely 
excluding fat or carbohydrate from any diet. In contrast to the findings of Lawrie & Yudkin the 
rats on the high fat and high protein diets did not grow as well as did those on the high carbo- 
hydrate diet, so after 10 days the amounts of fat and of casein in the high fat and high protein 
diets respectively were reduced from 60 to 50 g per 100 g diet. The rats on the high fat diet still 
grew less well than those on the other two diets, and the fat content of this diet was again reduced 
by 10 g per 100 g of diet. This meant that the carbohydrate content of the high fat and high protein 
diets were not identical, so in one series of experiments a group of rate was fed a medium protein 
diet (Q) of carbohydrate content equal to that of the high fat diet (F). Table 1 shows the composi- 
tion of the diets finally used. The composition of the high carbohydrate diet (C) was close to that 
of the stock pellet diet used in this Laboratory; in some later experiments rats were fed the stock 
diet from weaning until transfer to individual cages with a restricted feeding period (see below) 
when diet C was substituted for the pellet diet. 

Animals in subsequent series of experiments were fed diets of the composition shown in Table | 
from weaning; those on diets C and P grew at approximately the same rate (Fig. 1), but those on 
diet F (high fat), especially the male rats, grew more slowly. This was partly due to a poor growth 
rate during the first few weeks after weaning (even when fed the diet with the reduced fat content) ; 
later, when the rats had become accustomed to the diet, their growth, as well as their general con- 
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TaBLE 1. Composition of diets (g/100 g) 
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Medium 
car 
rat hydrate fat protein protein 
cake (C) (F) (Q (P) 
Sucrose -- 65 30 30 20 
Casein* ao 15 15 50 60 
Animal — 5 40 5 5 
Yeastt —- 10 10 10 10 
Salt = 5 5 5 5 
Analyses of typical batches of diet 
Carbohydrate|| 64-7 73-2 38-6 34-6 28-8 
i 15-7 14-5 13-4 48-9 54-0 
Fat 4-6 5-2 40-0 5-2 5-3 
Ash 2-5 3-9 40 3-8 4-5 
Moisture 12-5 3-2 40 75 7-4 
In addition each rat received weekly 1-2 drops Radiostoleum (B.D.H.) diluted 10 times with 
olive oil. 
* Glaxo, lactic casein, unextracted. N =13-5%. 
+ Carcass fat rendered down from condemned beef. 
t Dried yeast, Pharmacochemical Co. Ltd. 
§ B.D.H. salt mixture no. 2 (U.S.P. xiv and xii). 
|| Calculated by difference. 
Diet C Diet F Diet P 
160 F 
140+ (2) 4 (1) 
Pia > 
80 a a 
60 
40 
¢ 
(1) 
160 F (2) 
80 
40 
O24 6 8 101214 2 4 6 81012 14 2 4 6 10 12 14 
Weeks Weeks Weeks 


Fig. 1. Growth of rate on diets C, F and P (see Table 1); series 1, litters A—D, series 2 litters F-I. 
At 4 the amount of fat or of protein in the diet was reduced (see text). At | restricted 


feeding period started (series 1, lower curves, 2 hr; series 2, upper curves, 4 hr). 
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dition, improved. After these experiments had been completed Long (1953) reported the results 
of experiments in which he had used Lawrie & Yudkin’s diets and he also observed that rats on the 
high fat diet did not grow as well as did those on the high protein or high carbohydrate diets. It is 
possible that rats on this high caloric diet did not eat a sufficient quantity to obtain an adequate 
amount of protein. 

For 6-10 weeks after weaning small groups of rats (4-6) were kept together in a cage with food 
always present. Then the rats were moved to individual cages and an excess of food was presented 
for a limited period only each day, so that the rats could be killed at a known time after consump- 
tion of food. In the first series of experiments food was left in the cages for 2 hr only each morning. 
The rats lost weight for a few days on being transferred to this regime, and although later they 
maintained their weight, they did not regain their former rate of growth, except for those rats 
(both sexes) on diet F (Fig. 1, series 1). The feeding period for all animals was therefore increased 
to 4 hr each day; on this regime the rats on diets C and P still lost weight at first but soon resumed 
growth at approximately the original rate. Rats on diet F (both sexes) continued to grow without 
interruption (Fig. 1, series 2). It was not appreciated until after these experiments had been 
completed that such a restricted feeding regime would influence the manner in which the animals 
disposed of ingested food (Tepperman, Brobeck & Long, 1943). Therefore the findings reported 
here, whilst valid for the conditions of these experiments, do not necessarily apply to animals fed 
similar diets but with food available continuously. 

In the majority of experiments the rats were fed at 9.30 each morning and killed the same after- 
noon for investigation of ‘fed’ animals and the next or the following morning when 24 or 48 hr 
fasted rate were required. (The time after removal of food of the ‘24 hr fasted’ rats varied from 
22 to 29 hr, but this difference did not account for the variations observed in the liver glycogen 
content in these groups.) In one series of experiments, the rats were fed at 6 a.m. and killed later 
the same or the following morning; but this change in feeding time did not affect the results. 


Preparation of liver slices 

Rat livers, partially drained of blood by bleeding from the aorta, were chilled in ice-cold saline 
(0-9 % NaCl). (When the diaphragm was also used it was dissected out before removal of the liver.) 
A number of slices weighing about 70 mg were cut (with the aid of a Stadie & Riggs (1944) slicer) 
from one or more lobes of the liver and placed on a chilled plate in a moist chamber. The slices 
were weighed and then either dropped directly into centrifuge tubes containing 0-3 ml. of 30% (w/v) 
KOH for estimation of the glycogen content or placed in Warburg flasks containing 1 ml. of the 
appropriate incubation medium (see below) and standing in a bath of crushed ice. 


Incubation media 

The incubation medium used when glucose or pyruvate was to be the substrate for glycogen 
synthesis was that described by Teng, Simex & Hastings (1950). In most experiments glucose was 
added to give a final concentration of 1 % (w/v; approximately 0-05m), but in a few the concentra- 
tion was increased to 3% (w/v). Commercial ‘pure’ pyruvic acid, containing approximately 75 %, 
pyruvic acid, was used without further purification and was added in place of HCl, as recommended 
by Buchanan, Hastings & Nesbett (1949), to give a final concentration of approximately 0-05 m. 
A considerable synthesis of glycogen in liver slices from glucose-1-phosphate can be observed 
fluoride is present in the incubation medium to inhibit the activity of phosphogl t 
Preliminary experiments showed that synthesis of glycogen from this substrate is not so dependent 
on the ionic composition of the medium as is that from glucose. The final composition of the 
medium used was 0-1 m-NaF, 0-1 m-NaCl, 0-02m-KHCO,, and 2% (w/v) potassium glucose-|- 
phosphate (approximately 0-05m), prepared by a modification* of Hanes’s (1940) method. 
Warburg flasks containing these media were gassed with oxygen containing 5% CO, for 5 min at 
room temperature. For measurement:of glycogen breakdown in liver slices from fed rats the 


* Private communication to Dr E. M. Crook. 
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incubation medium was made up of one part of 0-1 ™ phosphate buffer, pH 7-4, diluted with 9 parts 
of 0-9% (w/v) NaCl. The flasks in these experiments were not gassed, but were shaken in air. 
In all experiments the flasks were shaken in a bath at 37° C for the required time; the slices were 
then dropped into centrifuge tubes containing 0-3 ml. of 30% (w/v) KOH for determination of 
glycogen, and when necessary the glucose content of the medium was determined on an aliquot 
after deproteinization with barium hydroxide and zino sulphate. 


Estimation of glycogen 

Glycogen was estimated by the Good, Kramer & Somogyi (1933) method, except that it was not 
found necessary to dissolve and re-precipitate the glycogen. Glucose was determined after acid 
hydrolysis by Somogyi’s modification (1945) of Nelson's (1944) method; values are reported as 
glucose found without conversion to glycogen. Cori & Cori (1940) point out that glucose-1- 
phosphate is not destroyed by alkaline hydrolysis and that the potassium salt is sufficiently 
insoluble for it to be precipitated along with the glycogen when alcohol is added. They recommend 
the use of NaOH for hydrolysis of tissue for estimation of glycogen when glucose-1-phosphate may 
be present. We did not find this procedure satisfactory; although the sodium salt of glucose-1- 
phosphate is more soluble than the potassium salt, sufficient is still precipated by alcohol to cause 
interference in glycogen estimation if much glucose-1-phosphate is present; also we found that 
glycogen precipitates do not adhere as well to the centrifuge tube when precipitated from sodium 
instead of from potassium hydroxide. Experience showed that in the experiments described here, 
in which glycogen was estimated only in slices, interference from glucose-1-phosphate was negligible 
and it has been disregarded. 

Sometimes glycogen was estimated in slices from more than one lobe of a rat’s liver. Whilst close 
agreement was observed in determinations on slices from the same lobe, considerable variation 
was found in the glycogen content of different lobes of liver from both fed and fasted rate, what- 
ever their previous diet; the mean inter-lobe difference was 17%, but differences as high as 90%, 
were recorded. Comparison of glycogen content before and after incubation was always made on 
slices (often in duplicate) cut from the same lobe; when more than one lobe was used each set of 
slices was regarded as a separate experiment. When in vivo differences in liver glycogen values 
were to be compared, if estimations had been made on more than one lobe the mean value was 
recorded. 

In a number of experiments liver glycogen was also determined by a modification of the trichloro- 
acetic acid extraction method described by Bloom, Lewis, Schumpert & Shen (1951). A piece of 
liver weighing from 0-5 to 1-0 g was cut from the same lobe as the slices to be used for estimation 
of glycogen by the alkali extraction method. It was frozen on solid CO,, weighed and ground in 
a chilled mortar with sand and 10 ml. of cold 10% trichloroacetic acid, the extract being separated 
by centrifugation. 1-0 ml. aliquots were treated with 1-2 ml. ethanol and allowed to stand over- 
night in the refrigerator. Glycogen was separated by centrifugation, hydrolysed in 1-0 n-HCl and 
the glucose estimated as before by Somogyi’s (1945) method. 


RESULTS 
Glycogen content of rat liver in vivo 
Effect of diet, sex and time after feeding. Wide variations in glycogen content 
were observed in all the groups examined (Table 2a). The values in most 
groups when plotted in a dot diagram showed a skew distribution, making 
comparison difficult. However, when logarithms of the observed values were 
plotted the distribution was more symmetrical; therefore, for statistical 
analysis of these results, log,, of ten times the observed values have been used 
for comparison (multiplication by 10 avoided negative logarithms). An analysis 
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TABLE 2a. The effect of time of fast, diet and sex on the glycogen content of rat liver 
(mean +8.D. about the mean). 


Diet C Diet F Diet P 
No. Glycogen No. Glycogen No. Glycogen No. Glycogen 


of (mg/g of (mg/g of  —s-_— (mg/g of (mg/g 
Sex rats wetwt.) rats wetwt.) rats wetwt.) rats wet wt.) 
Time of fast 0 hr 
Male 8 65724186 10 353497 8 2934153 4 63-9:7-1 
Female 10 5234183 9 33-9+9-2 7 2204108 4 37-742-7 
Time of fast 22-29 hr 
Male 47 2804163 10 8134570 8874111 — 
Female 9 1-23+1-42 6 2-0742-97 7 #11-:274125 — 
| Time of fast 36 hr 
Not recorded — _- » 6 2-7941-61 6 6734280 -— — 
Time of fast 48 hr 
Male 3 366+1-01 4 0°70+0-25 4 1814040 — 
Female 3 2874201 3 1854101 3 0834022 — 


TasiE 2b, Analysis of variance of data from Table 2a (omitting rats fed diet Q or 
fasted 36 hr). 


Note. 1+log,, observed values used for analysis (see text). Significant values marked 


*P<0-06, **P<0-01. 
Sum of Degrees of Mean 
Source squares freedom square 
ist analysis 
Between diets (D) 0-0468 2 0-0234 
Between times (7’) 6-4354 2 3-2177** 
Between sexes (9) 0-0977 1 0-0977* 
xT 0-6507 4 0-1627** 
Tx8 0-0508 2 0-0254 
Dx8 0-0097 2 0-0048 
DxTx8 0-3283 4 0-0821* 
76194 17 — 
Corrected pie 148 0-0250 
Between diets 
T =0 hr 0-1293 2 7 
T =24 hr 0-3409 2 0-1704** 
T =48 hr 0-2271 2 0-1136* 
Between diets within 0-6973 6 —_— 


of variance (omitting results for rats fed diet Q or fasted 36 hr) is shown in 
Table 26. This analysis can only be approximate owing to the variation in the 
number of rats in each group, but a further calculation using a small random 
sample of the large number of 24 hr fasted male rats gave similar results and 
the original analysis can be considered valid. 

The significant difference (P<0-01) in liver glycogen content at different 
times after feeding is well known. A number of previous workers (e.g. Deuel, 
Butts, Hallman, Murray & Blunden, 1937) have observed an effect of sex and 
our results, taken altogether, show a significant difference (P < 0-05), the males 
usually, but not always, having a larger amount of glycogen in their livers. 
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The effect of diet over all times is not significant, but in fasted rats there is 
a difference in liver glycogen content between livers from rats fed different 
diets. In 24 hr fasted rats the level was significantly higher (P < 0-01) in livers 
of rats fed diets F and P than in those fed diet C. In contrast, 48 hr after 
feeding, the liver glycogen level in rats fed diet C had risen above that for 24 hr 
fasted rats and was now higher than that of rats fed either of the other diets 
(P <0-05) whose liver glycogen had continued to fall during the second day of 
fasting. 

In spite of the large differences obvious in Table 2, the mean values for liver 
glycogen content in fed rats on diets C, F and P are not significantly different. 
That this is due to some unidentified factor or factors which mask the effect 
of diet can be shown by expressing the results in a different manner. Since it 
was recognized that unsuspected factors might interfere with effects due to 
differences of diet, as far as possible one rat from each dietary group was 
killed each day. If the liver glycogen content of fed rats receiving diets F and 
P was compared with that of the rat fed diet C killed on the same day, it was 
found that those rats fed diet C always had a larger amount of glycogen in their 
livers than did those fed diet P and usually a larger amount than those fed 
diet F, If C, F and P represent the liver glycogen content of rats (both male 
and female) fed the three diets, then log, C/P =0-446+0-177, log,,C/F= 
0-181+0-113 and log, F/P=0-264+0-316, all of which are significantly 
greater than 0 (P<0-01), so that on any one day rats fed diet C had more 
glycogen in their livers than those fed diet F, which in turn had more than 
those fed diet P. The nature of the factors which caused such a large daily 
variation in the liver glycogen content are unknown. Season may have had 
a small effect (Fig. 2), and it may be noted that the temperature of the room 
in which the rats were housed was poorly controlled. Records of daily food 
intake were kept for a number of animals; these showed considerable variation 
from day to day and this may have been the direct cause of variation in liver 
glycogen content, but the cause of this daily variation in food intake must 
still be sought. 

The values for the small number of animals fed a medium-high protein 
diet (Q) suggest that a fall in carbohydrate content affects the female rats 
before the males and, comparing male rats on diets Q and F (which had the 
same carbohydrate content), that addition of fat has an effect in addition to 
that of lowering of the carbohydrate content of the diet. 

Proportion of liver glycogen extracted by trichloroacetic acid. The proportion 
of the total glycogen (i.e. that extracted by hot alkali) which could be extracted 
by 10% trichloroacetic acid varied significantly (P < 0-05) in livers of fed rats 
receiving different diets (Table 3), being highest in livers of rats fed diet F and 
lowest in those of rats fed diet P. During a 24 hr fast, whatever the rats’ 
previous diet, the glycogen which could be extracted by trichloroacetic acid 
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disappeared from the livers more rapidly than the non-extractable fraction 
(Fig. 3), but this difference was not apparent until the total glycogen content 
of the livers had fallen to a low level (less than 8-0 mg/g). This observation, 
that rat liver contains a small amount of glycogen which cannot be extracted 
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3-10 Jan. 26-30 Mar. 12-15 21-23 July 9-19 Aug. 
Fig. 2. Effect of season on liver glycogen (mg/g) in rats fed diets C (@), F (@®) and P (0). 


Tas_z 3. The effect of diet on liver glycogen in fed rate. 


Comparison of the amount of glycogen extracted by (a) hot alkali (=total glycogen) and 
(b) 10% cold trichloroacetic acid (mean values + standard deviation about the mean). 


Diet... Cc F P 
No. of rate ... 7 8 7 
Glycogen mg/g wet 
(a) 56-24 19-3 38-3+49-0 20-7+9-0 
(5) 50-56417-2 36-9+7-9 
* Percentage of total 91-24 1-05 97-741-05 74-04 1-25 
xtracted 


* Calculated from mean log, 100 b/a. 


by trichloroacetic acid, agrees with the findings of Bloom et al. (1951). On 
the other hand, Kleij (1951) found no difference in the amount of glycogen 
extracted from liver by trichloroacetic acid or by hot alkali, in either fed or 
fasted rats. 


Changes in glycogen content of liver slices during incubation 
: We found that changes in glycogen content of liver slices during incubation 
in vitro depended on the glycogen content of the slices at the beginning of the 
incubation period, so that it was essential to take this value into account when 
comparing the effects of different conditions, e.g. the previous diet of the rat, 
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or the substrate present during the incubation period. The same considerations 
which led to the use of logarithms of ten times the observed values when com- 


paring in vivo liver glycogen levels (which were the initial values for a period 
of incubation) made it reasonable to compare logarithms of glycogen values 
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Fig. 3. Effect of diet on proportion of total liver glycogen extractable by 10% trichloroacetic 
acid in rate fed diets C (@), F (@) and P (©). Comparison of results for fed and for 24 hr 
fasted rats. 


at the beginning (J) and at the end (#) of the incubation period. In the 
following sections the values for log, #/I (in Fig. 9, logy) 10#) have been 
plotted against the values for log,, 10J). 

Synthesis of glycogen from glucose-1-phosphate. As fluoride does not prevent 
the synthesis of glycogen from this substrate it could be used here to inhibit 
glycogen breakdown, although even a high concentration (0-1M) did not com- 
pletely stop glycogenolysis. A considerable increase was observed in the 
glycogen content of slices (up to 4-0 mg/g in 60 min incubation) with a low 
initial glycogen level, but when the initial level was high (above 10 mg/g) there 
was little increase, and in some cases glycogenolysis exceeded synthesis of 
glycogen in spite of the presence of fluoride. The results for a number of 
experiments are shown in Fig. 4. The slopes of:the lines relating logy, 10/ and 
log, E/I for slices from rats fed different diets and fasted 24 or 48 hr are not 
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significantly different from one another, but the overall slope of the line 
caloulated for all slices is significantly different from zero. For comparison 
with the results for synthesis of glycogen from glucose shown in Fig. 6, where 
only values for slices from 24 hr fasted rats have been included, the line drawn 
in Fig. 4 is calculated for slices from 24 hr fasted rats only. It will be seen that 
the values for slices from rats fed diet C tend to be somewhat higher than those 
from rats fed diet F. 


4-4) 
12- 
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06 0-8 1-0 12 14. 16 18 20 2:2 logio 10I 
0-5 1-0 2:25 5-0 10-0 I(mg/g) 

Fig. 4. The effect of diet, time of fasting and initial glycogen content (J) on the change in glycogen 
content of rat liver slices incubated 60 min at 37° C in a medium containing 2% potassium 
glucose-1-phosphate. (EZ =glycogen content after incubation.) 24 hr fasted rats, diet C, @, 
diet F, ©, diet P, ©: 48 hr fasted rats, diet C, A, diet F, @, diet P, A. Caloulated equation, 
for slices from 24 hr fasted rats only (all diets): log,,. #/I = 1-46 — 0-70 (logy, 


Synthesis of glycogen from glucose. Preliminary experiments confirmed the 
observation of Buchanan et al. (1949) that glycogen synthesis from glucose is 
favoured by a high concentration of potassium in the incubation medium. In 
the first series of experiments after incubation for 1 hr an increase in the 
glycogen content was observed only in slices with a low initial glycogen level 
(1-2 mg/g wet weight). Few of the slices from rats fed diets F or P (fasted for 
24 or 48 hr), or from 48 hr fasted carbohydrate-fed rats, had a sufficiently low 
initial glycogen level to allow an increase in glycogen content during incuba- 
tion, and no conclusion could be drawn as to a possible effect of diet. 
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It was thought possible that any such effect might be better observed by 
following the change in glycogen content of the liver slices at various times 
during the incubation period. An experiment was carried out with twelve rats 
fasted 24 hr, four from each of the groups fed diets C, F or P. Five slices were 
cut from each of two lobes of the livers and glycogen determined in one slice 
from each set after 0, 30, 60, 90 and 120 min incubation. (The glucose content 
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Fig. 5. Effect of previous diet on the change in glycogen content of liver slices from 24 hr fasted 
rate during incubation in a medium containing 3% glucose. Mean values and standard 
deviation: diet C, @ (7 expts.), diet F, @ (8 expts.) diet P, © (8 expts., 4 in each group). 


of the incubation medium was increased to 3 % for this experiment.) The results 
are shown in Fig. 5. In half the slices from the protein-fed rats the initial 
glycogen level was very low and there was a small increase during the first 
hour of incubation, the level thereafter remaining nearly constant. In two of 
the slices from carbohydrate-fed rats there was an increase in glycogen content 
during the first 30 min of incubation, but in all other slices breakdown of 
glycogen exceeded synthesis during this time. All but one of the slices from 
carbohydrate-fed rats showed an increase in glycogen content during the rest 
of the incubation period. In all the slices from the fat-fed rats, and in the 
remainder of those from the protein-fed rats, the glycogen content fell through- 
out incubation, the rate being fastest during the first 30 min period and then 
remaining nearly constant. 
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This difference in behaviour of the liver slices might have been due only to 
the difference in the initial glycogen content; therefore a further comparison 
of the effect of diet on the synthesis of glycogen from glucose was made by 
plotting the changes in glycogen content of all liver slices from 24 hr fasted 
rats which had been incubated in a glucose-containing medium for 60 min 
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Fig. 6. Effect of diet and initial glycogen content (J) on the glycogen content of liver slices from 
24 hr fasted rats incubated 60 min at 37° C in a glucose-containing medium (1% or 3%). 
(EZ —glycogen content after incubation.) Diet C, @, diet F, ©, diet P, ©. Calculated 
equation for slices from rats fed diet C: log,, «0-71 -—0-51 (log,, 10). 


(both those from experiments already described and from a number of others, 
Fig. 6). Calculation showed that the points representing slices from rats fed 
diet C clustered about a line such that log,, H/J =0-714—0-515 (log,, 107) and 
that at an initial glycogen content of 2-8 mg/g no change in glycogen content 
would be expected. The slices from rats fed diet F had either a high or very 
low initial glycogen content and there was insufficient evidence to determine 
whether or not the points lay on a straight line, and so to calculate the glycogen 
level at which no change would have been expected during incubation, but in 
those slices in which an increase in glycogen content was observed, the increase 
was less than that to be expected in slices from carbohydrate-fed rats with the 
same initial glycogen content. In slices from rats fed diet P changes in glycogen 
content during incubation were irregular and did not appear to be related to 
the initial glycogen content in the same manner as in slices from carbohydrate- 
fed rats. An increase in glycogen content was observed in only five slices 
(diet P), in all of which the initial level was less than 1-0 mg/g; again the 
increases were less than would have been expected from slices with a similar 
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glycogen content from rats fed diet C. The results from rats fasted 48 hr were 
not included in the calculations but they showed the same general effect; 
possibly somewhat less glycogen was synthesized than would have been 
expected from slices from 24 hr fasted rats with a similar initial glycogen 
content. 


30F C and F 


15 20 25 30 
logso 101 
Fig. 7. Effect of diet and of initial glycogen content (J) on final glycogen content (Z) of liver slices 
from fed rate incubated 30 min at 37° C in a phosphate buffer. Diet C, @, diet F, @ and 
diet P, O. Calculated equation for slices from rats fed diete C and F: log,, 10# =1-20 
(log,,10Z) —-0-66; for slices from rats fed diet P, log,, —1-82 (log,, 10) — 2-04. 


Synthesis of glycogen from pyruvate. A similar relationship was observed 
between the initial and final glycogen content of liver slices incubated in a 


pyruvate-containing medium. The initial level below which an increase in 
glycogen content was observed (about 0-8 mg/g) was less than that for slices 
from rats fed diet C incubated in a glucose-containing medium, and even in 
those slices in which an increase in glycogen content was observed the changes 
were very small. There was no indication of an effect of diet or of time of 

Breakdown of glycogen in slices from fed rats. There was no difference between 
the results obtained after an incubation period of 30 min for slices from rats 
fed diet C and those from rats fed diet F (Fig. 7). In slices from protein-fed 
rats comparatively more glycogen was broken down during incubation. This 
may have been due to the low initial glycogen content of the slices or directly 
to the high protein content of the diet. 

The amount of glucose found after 30 min incubation was approximately — 
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constant and therefore was not directly related to the amount of glycogen 
broken down, which depended on the initial content. In slices from rats fed 
diets C and F, 8-6 + 0-80 mg/g glucose was found after incubation; this was 
less than the glycogen broken down when the initial level was high. In 
contrast, with slices from rats fed diet P, although less glucose was found, 
6-4+0-7 mg/g in 30 min, it was greater in amount than the glycogen broken 
down. Again, it cannot be decided whether this difference in behaviour was 
due directly to the high protein diet or to the small amount of glycogen present 
at the beginning of incubation. The failure of glucose formation to increase 
when the amount of glycogen present is large would be expected if the 
maximum rate of glucose formation were less than that for glycogen breakdown, 
but this explanation does not fit in with Sutherland & Cori’s (1951) observation 
that during incubation of liver slices, phosphorolysis is the rate-limiting step 
in conversion of glycogen to glucose. 


DISCUSSION 


A large number of factors is known to affect the level of glycdgen in liver (see 
Swensson, 1945, for a full discussion) and the variability which we, like other 
workers (e.g. Mirsky, Rosenbaum, Stein & Wertheimer, 1938, but contrast 
Cori & Cori, 1929), have observed in rats treated so far as possible in the same 
manner, is a reflexion of our inability to control some at least of these unknown 
factors, and this complicates the interpretation of effects due to diet. 

Previous workers have shown that a high proportion of protein (Mirsky et al. 
1938) or of fat (Stein, Tuerkischer & Wertheimer, 1939) in the diet depresses 
the level of glycogen in the livers of fed rats and prevents glycogen breakdown 
during fasting. Greisheimer & Johnson (1930) have also reported similar 
findings in fed rats, but MacKay & Bergman (1933) who used rats fasted for 
24 hr found the lowest level of glycogen in the livers of rats previously fed 
protein. Our results for fed rats and for those fasted 24 hr are in general 
agreement with those of Mirsky et al. (1938) and Stein et al. (1939) (Table 4), 
but we did not find that the stabilizing effect on liver glycogen of diets with 
a high protein or fat content lasted for as long as 48 hr. 

Mirsky e¢ al. (1938) suggested that this high fasting level was due to gluco- 
neogenesis rather than to lack of utilization of liver glycogen and the main- 
tenance of this high level in their rats (particularly in those on the high protein 
diet) during a 48 hr fast lent support to this view. In our experiments condi- 
tions were different, as the rats were accustomed to long periods (20 hr) with- 
out food. Some calculations of the amount of glycogen which our rats stored 
in their livers and utilized during their 20 hr fasting period (Table 5) lead to 
the following general considerations (which the very approximate nature of the 
data does not invalidate). First, 2~3 hr after feeding, liver glycogen accounted 
for very little of the dietary carbohydrate whatever diet the rats were 
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Taste 4. Effect of diet on the glycogen content (mg/g wet wt.) of rat liver (males): Comparison 
of mean values, (a) this paper, Table 2, (b) Mirsky et al. (1938) and (c) Stein et al. (1939). 


High fat 
High (40% fat or (68% butter 
carbohydrate 50% butter+ (G0 
(65-70 %) margarine) § margarine) casein) 
Fed rate 
a 672 35:3 29-3 
b 410 13-8 
19-8 10-8 
Fasted 24 hr 
a 28 8-1 8-9 
Fasted 48 hr 
37 0-7 1-8 
b 38 14-2 
— 2-7 45 


TaBue 5. Calculation of food intake and carbohydrate storage of male rats. Food intake, mean 
for five rats on each diet over a 10-day period. Remaining data calculated from values shown 
in Tables 1 and 2, assuming livers weighed 7 g (mean for seven fed rats). 


Diet C Diet F Diet P 


Food intake (g) 9 8 9 
Carbohydrate intake {s) 6-5 3 3 
content of 
a a hr after removal of food: 
(5) as percentage of car 
(ii) 24 hr after removal of food (g) 0-02 0-08 0-06 
Liver glycogen used in 21 hr 
(a) g 0-38 0-17 0-14 
(6) as percentage of carbohydrate intake 5-7 5&7 4-8 


receiving. As the rats were not fed again for 20 hr the carbohydrate they had 
eaten (less that metabolized during the feeding period and the subsequent 
2-3 hr before death) must have remained in the body in some other form, 
probably as fat, since the high respiratory quotients observed by Tepperman 
et al. (1943) in rats fed only one meal each day suggest that in these animals 
ingested carbohydrate is converted to fat. Second, the glycogen removed 
from the livers during this 20 hr fasting period represents much the same 
fraction of the dietary carbohydrate for rats fed any one of the three diets. 
We think this supports the view that direct utilization of dietary carbo- 
hydrate was less in our rats fed diets F and P than in those fed diet C. On the 
other hand, it is clear that glucose formation from sources other than liver 
glycogen must have taken place in all our rats, although the data do not 
provide evidence for the source of this new-formed carbohydrate. When 
fasting was continued it is probable that in the rats fed diet F at about 24 hr 
after feeding the remaining glycogen in the liver was rapidly exhausted, as 
these 24 hr fasted rats fell into two distinct groups, those with a moderate 
PH, OXXIII 34 
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amount of glycogen in their livers and those with only a very small amount 
ig. 6), 

The results of the experiments in which liver slices were incubated in a 
glucose-containing medium also support the suggestion that tissue from the 
rats fed a high carbohydrate diet utilized more carbohydrate. In slices with 
a similar initial glycogen content, there was a larger increase in glycogen in 
those from rats fed diet C than in those from rats fed diets F or P. It is likely 
that the difference lay in the ability to utilize glucose rather than in the ability 
to synthesize glycogen, since the increase in glycogen content was not signifi- 
cantly affected by diet when the substrate was glucose-1-phosphate. 


40 60 80 100 
I (mg/g) 

Fig. 8. Effect of diet and initial glycogen content (J) on the change in glycogen content (final 
glycogen content, HZ, less 7) of liver slices from fed rats incubated 30 min at 37°C in a 
phosphate buffer. Comparison of observed values (diet C, @, diet F, @, diet P, ©) with values 
calculated from equations shown in Fig. 7 (diets C and F solid line, diet P broken line). 


No simple relationship is to be expected between the initial and final 
glycogen content of incubated slices. The rate of change is not uniform through- 
out the incubation period (Fig. 5) and any glycogen which is formed is 
deposited at the periphery of the slices. This has been demonstrated for slices 
incubated in a glucose-containing medium by Deane, Nesbett, Buchanan & 
Hastings (1947) and Mr Galton, working in this laboratory, has made similar 
observations for slices incubated in a medium containing glucose-1-phosphate. 
In slices from fed rats synthesis is likely to be negligible in comparison with 
the breakdown processes, and since the initial glycogen content still influences 
the amount broken down it may be inferred that a high concentration of 
glycogen is necessary to saturate phosphorylase. An estimate of the minimum 
concentration may be made by comparing the observed changes in glycogen 
content during incubation with the curve calculated from the equation relating 
the logarithms of initial and final glycogen values (Fig. 8). The maximum rate 
of glycogen breakdown (12-15 mg/g in 30 min) is not reached until the slices 
contain 40-50 mg/g glycogen. 
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Calculations have also been made (from the equations shown in Figs. 4 and 6) 
for changes in glycogen content of slices from 24 hr fasted rats incubated in 
media containing glucose or glucose-l-phosphate. The observed values are 
scattered so widely round the calculated curves (Fig. 9) that these can only be 
regarded as a very approximate expression of the actual relationship. It is of 

interest that both curves are of the same general shape and that for initial 


glycogen values above about 4 mg/g the curves are approximately parallel, 


E-I (mg/g) 


Li: 


0 2 6 
T (mg/g) 

Fig. 9. Effect of substrate and of initial glycogen level (J) on the change in glycogen content 
(final glycogen content, HZ, less J) of liver slices from 24 hr fasted rats incubated 60 min at 
37° C. Comparison of observed values (glucose-1-phosphate, all diets, +; glucose, diet C 
only, @) with values calculated (a) for glucose-l-phosphate from the equation shown in 
Fig. 4, and (6) for glucose from that shown in Fig. 7. 


8 10 12 


indicating that in both media, in spite of the presence of F~ in the medium 
containing glucose-1-phosphate, breakdown of glycogen was the same when the 
initial content was the same. This somewhat surprising conclusion may be 
related to the fact noted above, that glycogen formation takes place only at 
the periphery of the slices. In a few experiments in which slices were incubated 
in a medium containing glucose-l-phosphate, but no fluoride, changes in 
| glycogen content were similar to those found when a glucose-containing 
medium was used. 

The curves shown in Fig. 9 indicate that in slices with a very low initial 
glycogen content, synthesis of glycogen actually increases with an increase in 
the amount of glycogen in the slice, i.e. that synthesis proceeds faster when 
some glycogen is already present. If this could be substantiated, it would seem 
that, in these conditions, branching enzyme (Hehne, 1951) is the limiting factor 


in glycogen synthesis. 
34-2 
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SUMMARY 


1. The glycogen content of livers of rats fed diets rich in carbohydrate, fat 
or protein has been determined at various times after feeding. 

2. The sex of the rats and the composition of the diet were found to affect 
the amount of glycogen in the livers of both fed and fasted rats. 

3. A small fraction of liver glycogen (as estimated by the method of Good 
et al. 1933) could not be extracted by 10% trichloroacetic acid. 

4. During incubation, changes in glycogen content of liver slices from both 
fed and fasted rats depended on the initial glycogen content. 

5. Slices from fasted rats previously fed the high carbohydrate diet 
synthesized rather more glycogen during incubation in a glucose-containing 

ium than did those from rats previously fed the high fat or protein diets. 
was no significant effect of previous diet on the amount synthesized 
when glucose-l-phosphate or pyruvate were used as substrates. 

6. On incubation of slices from fed rats, the amount of glucose formed 
exceeded the amount of glycogen broken down in slices from protein-fed rats 
which had a comparatively low initial glycogen content, but was less than the 
glycogen broken down in slices from rats fed the high carbohydrate or fat 


containing diets which had a much higher glycogen level at the beginning of 
the incubation period. 


We should like to thank Mr N. W. Please for much assistance with the statistical treatment of 
the results and Mrs Rita Bowden for carrying out many of the glycogen determinations and for 
assistance with the rats. 
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Studies on the effect of different diets on the utilization of glucose by muscle 
in vitro have been made, notably by Lundbaek & Stevenson (1947), Gilmore 
& Samuels (1949), Hansen, Rutter & Samuels (1951) and Parnes & Wertheimer 
(1950a, 6). However, in all the reports so far published, only two of the three 
possible foodstuffs—fat, protein and carbohydrate—have been compared. 
The present paper is thus more complete than its predecessors in this respect; 
it also includes a comparison of the effectiveness of insulin added in vitro to 
muscle from rats treated in very different ways. Differences in metabolism 
between muscle from male and female rats have been reported from time to 
time; in particular, female animals have been found to utilize carbohydrate 
less efficiently than males (e.g. Deuel & Davis, 1942). 

It is not claimed that the results reported here are true for all conditions 
which could be devised, but they show above all how much the pattern of 
metabolism in a tissue may depend on the history of the animal from which it 
was taken. This has been shown many times previously, for example with liver 
arginase by Van der Lee & Gorter (1937). The fact that it is true for muscle also 
may partly explain the poor agreement between results reported from dif- 
ferent laboratories. 

The utilization of acetate was studied also, for comparison with that of 
glucose, as it is an easily estimated fatty acid metabolite. 


METHODS 


The diets and regime of the animals have been discussed in the preceding paper (Kerly & Ottaway, 
1954). The high carbohydrate, high fat and high protein diets referred to below are the diets C, 
F and P described in that paper. 
Preparation of the tissue 
The animals were anaesthetized by the intraperitoneal injection of about 0-5 ml. pentobarbitone 
sodium (Nembutal). Before death the abdomen was opened and the diaphragm was dissected out 
whole. The dissection is easier if the animal is placed on a sloping board so that the liver falls 
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away from the diaphragm. The muscle was washed for a few seconds in buffer, and bisected along 
the line of the central tendon. After trimming off the connective tissue, each hemidiaphragm 
was cut into two approximately equal pieces at right angles to its diameter. In general, the four 
pieces, each weighing 30-70 mg were each quickly placed in 0-6 ml. medium in the side-arm of 
a Warburg flask. It was found, however, that measurement of oxygen uptake was not accurate 
when the muscle was in the side-arms, probably because the rate of gas exchange was so low that 
CO, did not diffuse across completely to the KOH paper in the centre well. For the oxygen- 
uptake experiments only, the muscle was therefore placed in 1-6 ml. medium in the main com- 
partment of Warburg flasks. In all experiments the flasks were placed in the bath, gassed with 
oxygen for 3 min, and then incubated for 90 min at 37° C, with shaking at 120 ¢/min. 


ition off the medi 

The buffer used was based on that suggested by Stadie & Zapp (1947), but contained potassium, 
which is required for some phosphorylation reactions. It had the composition: NaCl, 0-08m; 
Na, HPO,, 0-02m; KH,PO,, 0-02m; MgCl,, 0-005m; pH was 6-8. Glucose was added to a con- 
centration of 2 mg/ml. (0-011™), or acetate as sodium acetate to a concentration of 1 mg/ml. 
(0-012m). Insulin, when present, was at a concentration of 0-2 unit/ml. (8yg/ml.). The insulin 
used was amorphous insulin, made by Messrs Burroughs Wellcome. 


Methods of analysis 

Glucose. This was estimated by the method of Nelson as modified by Somogyi (1945), using 
0-2 ml. of the solution at the end of the experiment. ‘ | 

Glycogen. For the estimation of initial glycogen content, in some experiments a small strip of 
muscle was taken from each hemidiaphragm; in others, the small triangular piece of muscle 
which lies behind the inferior vena cava was used. In either case the sample was placed im- 
mediately on a watch-glass cooled with solid CO,. It was later weighed and dropped immediately 
into 1 ml. of 30% (w/v) KOH, in a graduated centrifuge tube. For estimation of final glycogen 
content, at the end of the experiment each piece of muscle was dropped into 1 ml. of 30% KOH 
immediately after blotting and weighing. The analysis was based on the method of Good, Kramer 
& Somogyi (1933). The glycogen was hydrolysed for 2-3 hr with 2 ml. 1-On-H,SO,. Pointed 
tubes, half filled with water and placed in the mouth of each centrifuge tube, acted efficiently as 
condensers during the hydrolysis. Because of the very low concentration of glucose in the 
hydrolysate the estimation was performed by adding the copper reagent directly to the neutralized 
hydrolysate, and after colour development making the volume of the solution up to the fixed 
mark on the tube. If the colour was very dark, it was diluted with 4 vol. of water to enable its 
density to be read in the colorimeter. A calibration curve was plotted from estimations similarly 
carried out on weighed quantities of a dried muscle powder, containing a known concentration 
of glycogen. This method was found to be satisfactory for the range 10-500 yg glycogen. 

Acetate. This was estimated by the method of Conway & Downey (1950), using 0-2 ml. of 
medium. The end-point of the titration was found to be difficult to estimate and easy to overshoot. 
A mixed indicator was made up (methyl red 5 parts, cresol red 2 parts, thymol blue 5 parts) 
which gave a double colour change (red > yellow-> blue, with increasing pH), so that there was 
good warning of an approaching end-point. The end-point was taken to be the disappearance of 
all yellow from the solution. 

Lactate. This was measured by the method of Barker & Summerson (1941). For the estimation 
of tissue lactic acid the muscle was weighed, frozen on a watch-glass cooled with solid CO,, and 
dropped frozen into 4 ml. of ice-cold 10% (w/v) trichloroacetic acid in a chilled mortar. It was 
ground up with the aid of a little sand, the liquid was poured into a centrifuge tube and the 
mortar washed with 2 ml. trichloroacetic acid. The extract was neutralized and deproteinized with 
copper sulphate and calcium hydroxide; 1 ml. aliquots were used for the estimation. 

Oxygen consumption. This was estimated by the direct Warburg method; 0-3 ml. of 50% KOH, 
prepared weekly, and free of carbonate, was placed in the centre well, together with a roll of 
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toughened filter-paper. Manometer readings were made at 5 min intervals and the changes 
plotted against time. Oxygen consumption was calculated from the slope of these graphs during 
the period 30-60 min, when the rate of consumption was found to be most regular. 

The figures given in Tables 4 and 7 are for 1 g wet weight of the muscle. They are referred to 
as Qo, values, but strictly the Qo, is defined as the oxygen uptake per mg dry weight. It was not 
possible to obtain the dry weight of the tissue used in these experiments, as the tissue was needed 
for analysis of glycogen content, but the term Qo, has been retained for the sake of brevity. 
Analysis of other diaphragms has shown that the wet weight : dry weight ratio is very constant, 
approximately 4-25 : 1, and it does not vary for rate on different diets. 

Statistical analysis. The significance of the experimental factors affecting the results was 
estimated by an analysis of variance of each set of results. Since the way in which this analysis 
is done affects the discussion of the findings, a short exposition of the method and its implications 
is set out below. 

Statistical analysis of variance is a method of estimating how much of the variation of any 
group of experimental observations from the mean value of all the observations is due to any 
factor peculiar to that group (in these experiments to diet or to sex, for example), and how much 
is due to chance differences between experimental animals or to experimental error. These chance 
variations are here called ‘residual variance’. The significance of the variance (o*) caused by the 
factor is estimated by the so-called ‘F’ test; if the ratio of the factor variance to the residual 
variance is greater than a certain limiting value determined by the number of observations, that 
factor plays a significant part in determining the results. Often, interactions exist between the 
various factors; for example, in these experiments sex modifies the response of the animals to 
feeding on different diets, and the significance of these and more complicated interactions may 
also be estimated by the ‘F’ test. The variance due to each factor, and the F ratio between it and 
the residual variance, is set out in a subsidiary table below each of the tables of experimental 
results. 

It is implied in this method of analysis that a factor found to be of significant importance is so 
when all the results in that table are taken into account. Therefore, in discussions of the results 
the general effect of any sing!e significant factor is first brought out without qualification, although 
inspection of the table of results may show that there are groups in which it was apparently 
without effect. If the analysis of variance has shown that there are significant interactions between 
factors, the modifications imposed by them are then introduced. 

The analysis was a standard 4-way estimation, except for the calculation of the degrees of 
freedom of the residual variance. The usual formula nk(m - 1), where nk is the number of groups, 
and m the number of observations in one group, could not be applied because the number of 


observations varied from group to group. The term (m - 1) was replaced by the harmonic mean of 
the number of observations in each group, i.e. 


where N,, Ny, ...are the numbers of observations. This method of computation has been shown 


to give a good estimate of residual variance for groups with small numbers of observations 
(N. W. Please, personal communication). 


In the tables summarizing the analysis, which are appended beneath each of the main tables, 


1% level. 


RESULTS 


With as substrate 

It will be seen from Table 1 that the variations in glucose uptake with diet 
were irregular, and the residual variance of the observations, which may be 
partly identified with unknown factors affecting the utilization of glucose 


Ti 


7 
| 
q it is significant at 


METABOLISM OF RAT DIAPHRAGM 537 


TasiE l. Uptake of glucose by rat diaphragm muscle. Mean values, mg/g wet wt./hr. The number 


of observations in each group is given in brackets. Glucose concentration in medium 2 mg/ml. 
Insulin concentration 8 ug/ml. 


Time of fasting .. Obr 24 hr 48 hr 
Male High carbohydrate 3-08 3-00 2-00 2-65 4-06 3-05 
rats (5) (4) (7) (7) (4) (4) 
High fat 2-01 3-05 2-06 2-66 3-39 3-54 
(5) (5) (6) (6) (3) (3) 
High protein 2-75 3-33 2-30 3-33 2-86 3-45 
(4) (5) (8) (7) (4) (4) 
Female High carbohydrate 2-31 3-17 2-99 2-73 3-44 3-67 
rate (3) (3) (4) (4) (6) (7) 
High fat 2-32 3-91 1-47 2-58 2-28 3-15 
(3) (3) (5) (4) (4) (4) 
High protein 2-11 2-85 3-35 431 2-09 3-49 
(5) (5) (3) (3) (4) (4) 
Analysis of variance 
of Corrected 
Sex 0-0340 0-18 
Insulin l 3-3917 20-3 
Diet 2 0:3939 2-04 — 
Time 2 0-8138 4-20 7 
Sex x insulin l 0-4323 2-24 — 
Sex x diet 2 0-26 — 
Sex x time 2 0-6579 3-45 . 
Insulin x diet 2 0-6779 3-50 ° 
Insulin x time 2 0-1405 0-70 — 
Diet x time 4 06579 3-45 os 
Sex x diet x time 4 0-4594 2-33 ® 
19 0-1843 
Residual variance 129 0-1927 


which vary from animal to animal, was quite large. The pattern presented by 
the group means was, in fact, much more complex than that found for glycogen 
change, or acetate and oxygen consumption (vide infra), and only the effects of 
time of fasting and insulin were of first-order significance. The effect of diet 
was modified both by time of fasting and by sex. With male, fed rats the 
glucose uptake was lower in diaphragm from those which were fat-fed than 
from the carbohydrate- or protein-fed animals, but when the rats had been 
fasted for 24 hr, previous diet did not affect the uptake of glucose. With 
female rats, the pattern was reversed with respect to fasting. Hansen et al. 
(1951) found that the glucose uptake of diaphragm was lower from fat-fed 
than from carbohydrate-fed rats, but with their animals (all male) the 
difference was most marked after 24 hr of fasting. 

The effect of feeding different diets upon the response to insulin added 
in vitro is most interesting. The increase of glucose uptake in response to added 
insulin is greatest in the fat-fed and least in the carbohydrate-fed rats, in 
agreement with Himsworth’s (1936) work on the effect of previous diet on the 
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response to insulin in humans. In two of the groups of carbohydrate-fed rats, 
the uptake was lowered by added insulin. This was found on more than one 
occasion, and using the same solutions which showed an insulin stimulation 
with other rats. Stadie & Zapp (1947) found that insulin gave less than the 
maximum stimulation of glycogen synthesis if it was added in very large 
concentration (5 units/ml.), but a depression of glucose uptake has not been 
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Fig. 1. Relationship between glucose uptake of rat diaphragm, mg/g/hr, and the percentage 
increase of uptake caused by addition of insulin to the medium, for eighteen groups of rate. 
O, male rate; @, female rata. 


reported before. It may have occurred in these experiments because a re- 
stricted feeding period was used; in other experiments with animals fed ad lb. 
we have found the usual insulin stimulation. : 

In Fig. 1, the mean control rate of glucose uptake for each group of rats 
has been plotted against the percentage increase in uptake caused by insulin 
for rats of the corresponding group. It will be seen that there is a straight-line 
relationship, and the percentage response to added insulin is inversely pro- 
portional to the control rate. 

This relationship suggests that with the glucose concentration used, the rate 
of glucose uptake by the diaphragm was controlled only by the concentration 
of insulin surrounding the fibres, and also that the small response of muscle 
from carbohydrate-fed rats to added insulin was due to a relatively large 
concentration of endogenous insulin. If this interpretation is correct, all the 
differences in glucose uptake caused by diet, fasting or sex may really be due 
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to differences in the endogenous insulin concentration, or the concentration 
of some factor directly antagonistic to insulin. 

It is not suggested that the concentration of endogenous insulin ever 
approaches that of the added insulin (0-2 unit/ml.); when allowance is made 
for the slow diffusion of the protein into the centre of the muscle, calculation 
shows that the effective concentration will be very low (Ottaway, unpublished; 
R. B. Fisher, private communication; see also Krahl & Park, 1948). 


Initial glycogen content. The mean values for the initial glycogen content of 
diaphragm muscle from each group of rats are given in Table 2. 


Tasce 2. Initial glycogen content of rat diaphragm. Mean values, mg/g wet weight of tissue. 
The number of observations in each group is included in brackets. 


Time of fasting eve 0 hr 24 br 48 hr 
Diet 

Male rats High carbohydrate 5-9 31 2-7 
(3) (6) (4) 

High fat 2-6 

High protein 5-5 

(5) (2) (5) 

Female rats High carbohydrate fs 2-5 2-0 

4 

High fat 3-9 0 2-4 

(4) (3) (5) 

High protein 5-3 2:8 2-0 

(6) (7) (2) 

Analysis of variance 


Source variance F Significance 
Sex 1 0-30 0-8 _ 
Diet 2 0-84 0-8 — 
Time 2 18-45 18-4 se 
Sex x diet 2 0-06 0-3 _— 
Sex x time 2 0-01 0-02 —_— 
Diet x time 4 0-44 1-2 —_— 
Residual variance 46 0-37 


The only factor found to be significant was time of fasting; it has been 
known for many years that fasting reduces the amount of glycogen in muscle. 
There was no tendency for the glycogen content to increase, as the liver glycogen 
level may do (see the preceding paper), during the second day of fasting. It was 
rather surprising that diet had no significant effect on the muscle glycogen; 
this is not in accord with the findings of other workers (Hansen e al. 1951). 

Glycogen changes. In most experiments the glycogen content of the dia- 
phragm before incubation was estimated, using one or two small strips of 
muscle as samples. These estimations gave the ‘initial glycogen content’ 
(Table 2). At the end of each experiment, the glycogen content of each piece 


Glycogen changes during incubation 
of Corrected 
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of incubated muscle was estimated; this gave the ‘final glycogen content’. To 
obtain the glycogen changes during incubation, the mean ‘initial glycogen 
content’ for each group was subtracted from the mean ‘final glycogen content’ 
for that group. In consequence, individual values within each group of 
glycogen change during incubation were not available, and this affected the 
statistical analysis. To check the analyses set out in Tables 3 and 7, an 
analysis of variance was carried out on the individual experimental values of 
‘final glycogen content’. These duplicate analyses agreed satisfactorily with 
those in Tables 3 and 7. 


Tase 3. Change of glycogen content of rat diaphragm during incubation. Mean values are in 
mg/g wet weight, and refer to the whole experimental period (90 min). 


Time of fasting ... 0 hr 24 hr 48 hr 
Diet Insulin Insulin Insulin 
Male High —3-4 — 1-95 -13 ~ 0-35 — 0-45 
rats carboh 
High fat -3-1 — 2-55 — 1-65 — 1-45 — 0-85 —0-5 
High protein -0-8 1-25 +0 -10 — 0-15 
Female -1-15 -06 +0-25 +0-45 +1-4 
rats carbohydrate 
High fat -14 +0-05 — 0-95 -10 -10 -0-4 
High protein -18 -10 — 1-85 0-55 +2-9 
Analysis of variance 
Degrees of Corrected 
Source freedom variance F Significance 
Sex 1 8-73 27 
Insulin 1 5-43 17 os 
Diet 2 1-65 5-16 ¢ 
Time 2 7-35 23 * 
Sex x insulin 1 0-51 1-6 — 
Sex x diet 1-86 5-81 
Sex x time 2 0-16 0-5 — 
Diet x insulin 2 0-51 16 - 
Time x insulin 2 0-08 0-25 — 
Diet x time 4 0-42 13 —_ 
Sex x diet x time 4 4-66 5-20 band 
12 0-32 
Residual variance 141 0-385 
of final glycogen 
content 


As was to be expected from the work of Stadie & Zapp (1947), which showed 
that optimal synthesis of glycogen in diaphragm is only obtained when 
potassium is omitted from the medium, in almost all the groups the glycogen 
content of the muscle decreased during the incubation. All four factors, sex, 
insulin, diet and time of fasting, were found to have a significant effect on 
glycogen change. There was less glycogen broken down in muscle from female 
rats, although the rate of glucose uptake was not altered by sex (Table 1). The 
interaction between sex, diet and time of fasting was again complex, but it can 
be seen that the sex difference was least in rats fed a protein diet and greatest 
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in those fed carbohydrate. Thus male carbohydrate-fed rats showed the 


greatest rate of breakdown and the corresponding females the least, while 
fat-fed rats occupied an intermediate position. 


Oxygen consumption 

Although there were large variations of Qo, from group to group, the 
individual observations in any one group differed very little from each other. 
The factors found to be significant were sex and time of fasting; the effect of 
insulin was on the border-line of significance. The Qo, of muscle from male 
rats was at all times higher than that from females (controls and insulin- 
treated were grouped together). The sex difference increased with time of 
fasting; with male rats the Qo, was greatest after 48 hr while with females it 
returned to the low values characteristic of fed rats. 


TaBLe 4. Oxygen consumption by rat diaphragm with glucose as substrate. All values are in 
ml./g wet wt./hr. The number of observations in each group is included in brackets. 


Time of fasting ... 0 hr 24 hr 48 hr 
Male High carbohydrate 0-97 1-15 1-44 1-51 1-45 1-30 
rats (4) (4) (3) (3) (3) (3) 
High fat 1-01 1-28 142 . 160 1-69 1-63 
(4) (3) (3) (3) (3) (3) 
High protein 1-15 1-48 1-48 1-77 1-62 1-47 
(3) (3) (3) (3) (3) (3) 
Female High carbohydrate 1-11 1-14 1-34 1-36 1-08 1-15 
rats (3) (3) (3) (3) (5) (5) 
High fat 1-09 1-15 1-06 1-63 1-05 1-17 
(3) (3) (3) (3) (3) (4) 
Analysis of variance 
Degrees of Corrected 
Source variance F Significance 
Sex 1 0-3136 14-0 + 
Insulin 1 0-0693 3-10 — 
Diet 2 0-0266 1-20 ~ 
Time 2 0-3693 16-5 + 
Sex x insulin 0-0019 0-08 
Sex x diet 2 0-0017 0-08 — 
Sex x time 2 0-0804 3-60 ° 
Insulin x diet 2 0-0235 1-05 — 
Insulin x time 2 0-0302 1-40 — 
Diet x time 4 0-0095 0-04 — 
i 16 0-0164 
Residual variance 81 0-0223 


It seemed likely that insulin would have been found a significant factor if 
larger groups of rats had been used. In each experiment the piece of muscle 
incubated with insulin came from the same hemidiaphragm as the control; 
this fact made it possible to apply a pair ‘t’ test to the individual observations. 
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This test is more sensitive than analysis of the variance of all the groups, and 
when it was applied it was deduced that insulin raised the oxygen consumption 
significantly. The figures were: mean Qo, without insulin 1-23, with insulin 
1-34; t=2-66, P=0-01 with 53 degrees of freedom. 

Insulin has not previously been shown to raise the Qo, of intact muscle 
in vitro. Gemmill’s (1940) work showed slight differences between the Qo, of 
control and insulin-treated diaphragms, but these differences were not signi- 
ficant. Presumably the rats Gemmill used had been kept on a stock diet, and 
the stock diet of this laboratory, at least, is high in carbohydrate (Kerly & 
Ottaway, 1954), so that any increase in Qo, caused by insulin would be at 
a minimum. Krebs & Eggleston (1938) showed that insulin could raise the 
Qo, of pigeon breast muscle minces by maintaining the high initial rate of 
respiration, and this has since been confirmed and extended to muscle from 
other species (Stare & Baumann, 1940); but the effect reported here was not of 
this kind. There was no significant falling off in the rate of respiration of 
diaphragm, incubated in the glucose, during the 90 min period, and insulin 
raised the Qo, from the start of the experiment. 


With acetate as substrate 

Parnes & Wertheimer (1950a) studied synthesis of glycogen in diaphragm 
when glucose and acetate were both present in the medium. They reported 
that the amount of glycogen synthesized depended on the relative concentra- 
tions of glucose and acetate; with one particular proportion of acetate, for 
example, the rate of synthesis was much greater than would have been 
expected from the rate with either substrate alone, yet at the same time, the 
presence of acetate depressed the glucose uptake. These findings suggested 
that measurement of acetate uptake from a glucose-containing medium might 
not provide interpretable results unless there was simultaneous measurement 
of glucose uptake, and investigation of the best relation between the con- 
centrations of glucose and acetate. To obviate this difficulty, glucose was 
omitted entirely from the incubating medium; the concentration of acetate 
used (0-1 % sodium acetate) was roughly equimolar with the glucose solutions. 


Utilization of acetate 


Diaphragm from female rats utilized acetate at a significantly faster rate 
than that from males. Although the interaction between diet and sex was not 
statistically significant it can be seen from Table 5 that the rate of uptake for 
male fat-fed rats was higher, and for female fat-fed rats lower, than the 
average. Otherwise previous diet had no effect. Time of fasting was a signi- 
ficant factor; the uptake was highest in muscle from fed rats, but there was 
no difference between 24 hr- and 48 hr-fasted rats. The mean rate of uptake for 
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Taste 5. Utilization of acetate by rat diaphragm. All values are in mg acetate ion/g wet wt./hr. 
The number of observations in each group is included in brackets. 


Time of fasting ... Ohr 24 hr 48 hr 
Male High carbohydrate 1-27 1-13 0-63 0-91 0-83 1-36 
rats (3) (4) (5) (5) (3) (4) 
High fat 1-03 0-89 1-57 
5 5 5 
(4) (4) (5) (4) (4) (5) 
Female High carbohydrate 1-43 1-87 1-04 0-99 1-03 1-48 
rats (4) (4) (5) (5) (6) (7) 
High fat 1:37 1-34 1-49 1-00 0-88 1-03 
(3) (3) (4) (4) (6) 5) 
High protein 1 1-34 1-12 1-27 
(5) (5) (5) (5) (9) (9) 
Analysis of variance 
Degrees of Corrected 
Source F Significance 
Sex 0-3906 5-55 
Insulin 1 0-0380 0-54 
Diet 2 0-0127 0-18 — 
Time 2 0-3683 5-20 oe 
Sex x insulin 1 0-0230 0-33 —- 
Sex x diet 2 0-0692 10 — 
Sex x time 2 0-0723 10 — 
Insulin x diet 2 0-0864 1-22 — 
Insulin x time 2 0-1244 1-76 — 
Diet x time 4 0-0883 1-25 — 
Remainder 16 _ pues 
Residual variance 138 0-0706 


all groups, 1-12 mg/g/hr, compares well with the value of 1-03 mg/g/hr (in the 
presence of 0-05°%, glucose) reported by Parnes & Wertheimer (1950a). It is 
three times greater than the estimated rate of utilization of 0-36 mg/g/hr for 
the tissues of the hepatectomized dog (Harper, Neal & Hlavacek, 1953). 

If the rates of uptake of acetate and of glucose are expressed in mg/g/hr, 
acetate is found to be utilized at a much lower rate than glucose; 1-12 mg/g/hr 
against 2°86 mg/g/hr. When the rates are expressed as yM/g/hr, however, 
they are much more nearly equal (19-1ym/g/hr for acetate, compared with 
16-2um/g/hr for glucose). The molar rates of uptake of glucose and acetate 
in most of the groups showed good agreement when insulin was present in the 
medium; the biological significance of this correlation is not easy to assess. 


Glycogen changes during incubation with acetate : 

In diaphragms from almost all the rats there was a considerable breakdown 
of glycogén during the incubation. This is in agreement with the work of 
Villee & Hastings (1949), but in contrast to the findings of Parnes & Wertheimer 
(19504), who reported a small net synthesis of glycogen in diaphragm muscle 
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with acetate as the only substrate, In two of our experiments the glycogen 
content was much higher at the end of the experiment than at the beginning. 
The diaphragms in which this occurred were both from female rats on a high 
protein diet, fasted for 48 hr; the results are at present inexplicable, but no 
technical fault could be found in the experiments, and so they cannot be 
excluded. These two results increase the variance considerably, and this is 


Taiz 6. Change in glycogen content of rat diaphragm during incubation with acetate as sub- 
strate. All values are in mg/g wet weight of tissue, and refer to the whole experimental 
period (90 min). 


Time of fasting ... Ohr 24 hr 48 hr 
Male High -3-1 2:5 —2-4 1-85 — 2-2 
rats carbohydrate 
High fat — 4-35 -—46 -20 -18 - 20 —2-2 
| High protein 3-0 -3-4 -2-7 — 2-85 1-75 ~1-75 
Female High — 2-85 28 -12 -1-1 -13 1-45 
rats carbohydrate 
High fat — 3-05 -2-9 1-45 1-75 
High protein -19 2-2 -19 -18 +0-95 
Analysis of variance 


Source variance F Significance 
Sex 1 8-10 90 “ 
Insulin 1 0-15 1-7 _ 
Diet 2 1-30 14-4 — 
Time 2 9-13 101 = 
Sex x insulin 1 0-04 soe 
Sex x diet 2 0-81 9-0 = 
Sex x time 2 0-18 2-0 a 
Insulin x diet 2 0-02 0-2 —_ 
Insulin x time 2 0-05 sisi 
Diet x time aq 1-50 16-7 oS 
Sex x time x diet 4 0-80 8-9 os 
Remainder 12 0-09 
Residual variance of 122 0-173 — — 
final glycogen content 


partly responsible for the rather surprising result of the statistical analysis, 
which shows a significance at the 1° level for the third-order interaction of 
sex, diet and time of fasting. It is, however, clear from inspection of Table 6 
that even if those two results were ignored there would still be a well-defined 
sex-time interaction. 

The significant variables were sex, diet and time of fasting. As when glucose 
was the substrate, there was less breakdown in muscle from female rats than 
from male. The difference was greater than could be accounted for by the 
faster rate of acetate uptake in female muscle, so that it cannot be completely 
explained as acetate sparing the oxidation of carbohydrate. The breakdown 
was, in general, greatest in muscle from fat-fed rats. It was less in muscle 
from fasted than from fed rats; the rate was not altered further by prolonging 
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the fast to 48 hr. Insulin was without effect, which confirms the reports of 
numerous workers that insulin does not affect glycogen synthesis in the 
absence of glucose. 


Oxygen consumption 

Table 7 shows that time of fasting was the only variable significantly 
affecting Yo, (acetate). With two exceptions, Qo, Was at a minimum in muscle 
from fed rats. It rose to a maximum after 24 hr fasting, and fell again after 


Taste 7. Uptake of oxygen by rat diaphragm with acetate as substrate. All values are in 
ml./g wet wt./hr. The number of observations in each group is included in brackets. 


Time of fasting ... 0 br 24 hr 48 hr 
Male High carbohydrate 1-41 1-24 1-19 1-21 1-33 1-30 
rats (5) (5) (3) (3) (3 (3) 
High fat 0-94 1-2) 1-53 1-66 1-16 
(3) ( (5) (5) (3) (3) 
High protein 1-34 1-31 1-68 1-47 1-75 1-61 
(2) (2) (3) (3) (3) (3) 
Female High carbohydrate 1-19 1-13 1-50 1-47 1-15 1-35 
rats (3) (3) (3) (3) (3) (3) 
High fat 1-23 1-11 1-40 1-58 1-12 1-17 
(3) (3) (4) (4) (4) (3) 
Analysis of variance 
Degrees of Corrected 
Source variance F Significance 
Sex 1 0-0105 0-25 
Insulin 1 0-0009 0-002 
Diet 2 0-1209 2-84 
Time 2 0-1867 4-39 ° 
Sex x insulin 1 0-002 — 
Sex x diet 2 0-0161 0-38 —— 
Sex x time 2 0-0102 024 a= 
Diet x insulin 2 0-0256 0-60 — 
Time x insulin 2 0-0073 0-02 — 
Time x diet 4 0-0684 1-60 = 
Remainder 16 0-0161 — — 
Residual variance 81 0-0426 


48 hr. With male carbohydrate-fed rats, there was no rise at 24 hr, and 
with male protein-fed rats, the Qo, continued rising during the second day's 
fasting. This general picture of the Qo, rising to a maximum after 24 hr fasting, 
was characteristic also of diaphragm incubated with glucose as substrate 
(Table 4). Diet might have been found a significant variable if a larger number 
of animals had been used. , 

In the assimilation of acetate from the medium both sex and time of fasting 
were significant, and it might have been expected that these two factors, at 
least, would have affected the Qo, (acetate). We were led to wonder whether 
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the acetate which had disappeared from the medium had been oxidized, or 
whether the Qo, (acetate) which had been obtained was, in fact, identical 
with the Qo, (endogenous substrates). Measurements of respiratory quotient 
might have answered this question, but it was not possible to make them, 
and it was necessary to fall back on indirect evidence. The mean Qo, (acetate) 
is higher than the Qo, (glucose). The means of all observations are 1-352 
against 1-288, and the difference, although small, is statistically significant. 
Most workers (e.g. Himwich, Fazikas, Barker & Hurlburt, 1934; Gemmill, 
1941; Gilmore & Samuels, 1949) have found that the Qo, (endogenous sub- 
strates) is slightly less than the Qo, (glucose). We have checked this in a few 
experiments; in every case the Qo, was raised by the addition of glucose or 
acetate to the medium. Thus, one may conclude that oxygen consumption in 
the presence of acetate, although it is not affected by diet, by sex or by the 
addition of insulin, is yet characteristic of the substrate. | 


Gemmill & Hamman (1941) and Villee & Hastings (1949) both found that 
more glucose was assimilated by diaphragm muscle during incubation than 
could be accounted for by new glycogen or respiratory CO,. Diaphragm is 
known to have a high rate of aerobic glycolysis, and it seemed likely that at 
least a part of the glucose had been transformed to lactic acid, and so had not 
been measured. In the present series, it was only possible to estimate lactic 
acid production in a small number of experiments, but it was thought worth 
while to report the results since they make it possible to construct a rough 
balance sheet for the metabolism of the muscle. Since the number of observa- 
tions was so small, a full-scale analysis of variance was not possible, and so the 
results have not been placed in the ‘Glucose’ or ‘ Acetate’ sections, but will 
all be discussed here. | 

The statistically significant differences are set out in Table 8. The production 
of lactic acid was greater with glucose as substrate than with acetate. Other 
experiments, not reported here, show that the production with acetate as 
substrate was not essentially different from that with no substrate in the 
medium. The lactic acid formation was also greater in male muscle than in 
female, with both glucose and acetate as substrates. These differences might 
have been predicted from the obvious hypothesis that the amount of lactic 
acid formed is proportional to the amount of carbohydrate, from glucose or 
glycogen, which passes through the pyruvic acid stage of its metabolism. Diet 
was not a significant factor in these experiments, although it might be found 
to be significant in a larger series. The rate of production was 2-53 mg/g/hr 
for carbohydrate-fed rats, 2:25 for fat-fed and 2-10 for protein-fed, with 
glucose as substrate. The difference was of the same order with acetate, and 


Lactic acid production with both substrates 
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with no substrate in the medium, and agrees with the findings of Hansen 
et al. (1951). 


Taste 8. Rate of lactate appearing in medium from diaphragm muscle incubated in a medium 
containing glucose or acetate. All values are in mg/g/hr. 


No. of Mean rate of 


Treatment observations production Significance 
Incubated in glucose medium 38 2-30 t=4-75 
Incubated in acetate medium 36 1-63 P<001 
Male rats; glucose medium 14 2-76 t=3-05 . 
Female rats; glucose medium 24 2-04 P<001 
Male rats; acetate medium 13 1-91 t=2-33 
Female rate; acetate medium 23 1-47 P =0-025 


TaBLE 9, Variation in lactic acid production with time. Mean values and standard error of the 
mean. All rate on high carbohydrate diet, fasted 24 hr. Incubation at 37°C in O, in a 
medium containing 2 mg/ml. glucose. The number of animals used is included in brackets. 


| Tissue lactate (mg/g) Lactate in medium (mg/g) 
in min 450 45 90 
Male (4) 0-54 0-67 0-80 — 2-88 4-50 
+0-03 +0-03 +0-05 — +0-20 +0-44 
Female (5) 0-47 1-08 1-06 —- 3-16 3-76 
+0-02 +0-10 +0-05 +0-38 +031 


The amount of lactic acid which appeared in the incubating medium was 
very large; in some instances it was greater than the amount of glycogen 
which disappeared, when this was the only obvious source. Hansen et al. (1951) 
found that the initial concentration of lactic acid in diaphragm muscle was 
about 1 mg/g, and that a large part of the apparent lactic acid production was 
in fact. due to diffusion of this ‘initial’ lactic acid into the medium. It was 
therefore decided to investigate the time course of lacti¢ acid production more 
fully, and it was found that almost all the lactic acid in the medium was 
produced during the experiment (Table 9). There was a definite sex difference; 
in male muscle the rate of production fell off only gradually, while in female 
muscle the rate was high for the first 45 min, and then almost ceased. The 
significance of this is not clear at present. 


DISCUSSION 


There exist unlimited possibilities of varying the conditions in which the 
metabolism of diaphragm may be studied quantitatively in experiments such 
as these. For example, the composition of the diet and the length of time it 
is fed, and the age of animal used, the composition of the medium and the 
duration of incubation may all be altered, and it is not surprising that there 
is agreement between these results and those of other workers only in the 


broadest terms. Gilmore & Samuels (1949) and Hansen e al. (1951), for 
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instance, used rats forcibly fed for a month after they had reached a weight 
of 225 g. The diaphragms from these animals must have been very thick, so 
that low glucose uptakes were to be expected. Besides this, forcible feeding 
enables one to feed diets much higher in fat than those which would have 
given good growth in our rats, so that the effects of diet are more marked than 
in our experiments. In contrast, Parnes & Wertheimer (1950a) used rats 
weighing only 80-100 g, and fed them special diets for only two days before 
death. 

It has often been found that animals change their metabolic pattern in 
response to a change in diet, e.g. Himsworth (1936) found differences in 
glucose tolerance in humans on fat and carbohydrate diets, and Lundbaek 
(1948) has pointed out the resemblance between the effects of starvation and 
of a high fat diet. These differences have been ascribed to adaptation, i.e. 
changes in concentration of some of the metabolic enzymes. Recently Long 
(1953) has shown that changes in hexokinase concentration do occur in the 
specialized tissue, intestinal mucosa, but not in intestinal muscle, in response 
to different diets. The present results do not support the view that enzymic 
adaptation is a general response to changes in diet. Diet was found to be of 
first-order significance only in determination of changes in muscle glycogen. 
The implication that the concentration of phosphorylase was altered by diet 
is not supported by the findings reported in the previous paper (Kerly & 
Ottaway, 1954), where it was shown that the rate of synthesis of glycogen from 
glucose-1-phosphate, which should be a measure of phosphorylase activity, 
was not altered by changes in diet. , 

Diet was certainly significant as an interacting factor. Study of the figures 
for uptake of glucose (Table 1), for example, shows that the uptake was low 
in fed rats if their diet was high in fat. After 48 hr fasting, the uptake by 
muscle from fat-fed rats increased to a rate not very different from that of 
carbohydrate-fed rats, and this suggests that muscle from all the rats had an 
equal capacity for assimilating glucose, but that diet altered the proportion 
of this capacity in use. 

Earlier in this paper it was suggested that the variations in effectiveness of 
insulin added to the diaphragms were due to differences in concentration of 
endogenous insulin. A similar conclusion, in a different form, was reached by 
Himsworth (1936) as a result of his studies on glucose tolerance and insulin 
sensitivity in humans, but it must be pointed out that his results and our own 
are almost completely opposed. He found that insulin sensitivity was pro- 
portional to the amount of dietary carbohydrate, whereas in our experiments 
the sensitivity of the diaphragm muscle to added insulin was least when the 
rat had been on a high carbohydrate diet. Himsworth’s later experiments 
(Himsworth & Scott, 1938) showed that, in rabbits, the pituitary was greatly 
concerned in the change in carbohydrate metabolism caused by diet. Our 
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conclusion, that the difference in sensitivity of muscle to insulin was caused 
by changes in endogenous insulin concentration, may thus be an over-simplified 
one, but it agrees well with the work reviewed by Haist (1944), which showed 
that the pancreas contains less insulin after a high fat diet than after a high 
carbohydrate diet. It cannot, of course, be concluded from this that the 
concentration of plasma insulin differs in a similar way. Whatever the 
mechanism underlying our results, the sensitivity of the diaphragm to insulin 
characteristic for each diet was not altered greatly by fasting or by sex. 
Adaptation to diet, in the sense of changes in hormone secretion, may therefore 
certainly be said to exist in the rat. 

Fasting was the only variable which was found to be significant in every 
series of measurements (except lactate production). This may have been 
because the fed animals had a higher muscle glycogen content as a conse- 
quence of their higher blood sugar, and so the proportions of the substrates 
available to the muscle in vitro were changed by fasting. It must also be noted 
that Lundbaek & Goranson (1949) found that the activity of muscle phos- 
phorylase is increased by fasting and the possibility cannot be excluded that 
a controlling mechanism not connected with insulin comes into play after 
24 hr fasting. Two other facts suggest this: (a) there was, in many instances, 
a difference between rats fasted 48 hr and those fasted 24 hr equally as great 
as that between 24 hr fasted rats and fed rats; (b) it was noted in the preceding 
paper that liver glycogen levels on a high carbohydrate diet tended to reach 
a minimum after 24 hr fasting, and thereafter to increase slightly. 

Some sex differences in metabolism, such as the difference in basic metabolic 
rate, have been well established, but very little work appears to have been 
done on sex differences in oxidation of substrates. It has been reported that 
female rats form less liver glycogen than males after feeding (for a discussion, 
see Grayman, Nelson & Mirsky, 1942); the work of Deuel and his associates 
(e.g. Deuel & Davis, 1942) on the sex difference in carbohydrate metabolism 
was chiefly concerned with ketogenesis. 

The differences in metabolism of male and female muscle brought out by the 
analyses reported in the present paper are striking. In an effort to find an 
explanation which would take in all the differences, the assumption was made 
that carbohydrate breakdown from glucose-6-phosphate to pyruvic acid takes 
place more slowly in female muscle than in male. Kun has, in fact, shown that 
the rate of formation of phosphopyruvic acid from 3-phosphoglyceric acid is 
lower in tissue homogenates from female rats (Kun, 1950; Kun & McCurley, 
1950). This block in carbohydrate breakdown would mean that less glycogen 
would disappear, and less pyruvic acid be produced in female muscle. In 
turn, less lactic acid would be formed and it is likely that less pyruvate would 
be available for oxidation. To replace the pyruvate as an oxidation substrate 
more acetate would be assimilated. This assumption could thus explain the 
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experimental findings reported in Tables 6, 8, 5 and 7 that in female muscle 
incubated with acetate less glycogen disappeared, less lactate was produced, 
and more acetate was taken up than in male muscle, but that the Qo, (acetate) 
did not differ between the sexes. 

The same assumption would explain the findings for muscles incubated in 
glucose. There was no sex difference in glucose uptake itself, so that once 
again one would expect less pyruvate transformed to lactate and less available 
for oxidation. Since the Qo, (glucose) was lower in female rats, it must be 
assumed that the lower rate of pyruvate oxidation was not made good by the 
oxidation of more endogenous fat or protein. There is no evidence to justify 
this latter assumption, but it fits the facts reasonably well. 

Some mention may be made of the light these experiments cast on the way 
in which insulin acts in muscle. With glucose as substrate the rate of energy 
production (calculated from the oxygen consumption) was greater in the 
presence of added insulin. Study of metabolic balance sheets prepared from 
the results given in the tables suggested that this was due almost entirely to 
an increase in the amount of carbohydrate available for oxidation, following 
the increase in the rate of uptake of glucose; there was no evidence that 
insulin decreased the rate of oxidation of non-carbohydrate substrates. 
Insulin also influences synthetic processes (glycogen and, possibly, fat syn- 
thesis), so that although the rate of energy exchange was increased, the rate of 
heat production by the muscle was not necessarily raised. There is general 
agreement that insulin has no effect on basal metabolic rate. 

With acetate as substrate insulin had no effect on the amount of available 
substrate or on oxygen consumption, suggesting that in muscle it has no 
direct effect on the tricarboxylic acid cycle. A similar conclusion has recently 
been reached by Villee, White & Hastings (1952). Oe 


SUMMARY 


1, Measurements have been made of the glycogen content and the rates of 
glucose uptake, acetate uptake, oxygen consumption and lactate production 
by rat diaphragm muscle incubated in media containing glucose or acetate, 
with or without added insulin. The muscle was taken from male and female 
rats, fed or fasted for 24 or 48 hr, which had been raised on high carbohydrate, 
high fat or high protein diets since weaning. 

2. Previous diet affected particularly the metabolism of fed rats. There was 
an interaction between diet and the other variables, particularly insulin. The 
effect of insulin on glucose uptake was negligible in muscle from rats on 
a high carbohydrate diet. 

3. Time of fasting affected the rates of all the metabolic changes studied. 
The initial glycogen content and the rate of glycogen synthesis were greatest 
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in fed rats. In 24 hr fasted rats, glucose uptake and acetate uptake were 
minimal, and oxygen uptake was maximal. 

4. Insulin increased significantly the glucose uptake, glycogen synthesis 
from glucose and Qo, in presence of glucose. Its effect on glucose uptake was 
modified by diet and by time; it was concluded that this was due to variations 
in the concentration of insulin already in the tissue. 

5. Muscle from female rats stored more glucose as glycogen and oxidized 
less than males and utilized more acetate. In female rats the Qo, with glucose 


as substrate was significantly less than in the male. It was concluded that 


the breakdown of glucose-6-phosphate to pyruvate proceeds less quickly in 
females than in male rats. 


6. There was no synthesis of glycogen from acetate. It was deduced that 
acetate could not completely replace endogenous fat as a substrate for 
oxidation. 

7. There was no evidence for adaptation to diet, i.e. enone? in enzyme 

concentration in the muscle. 
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In voluntary efforts it is not known for certain whether the force that can be 
exerted is limited by the capacity of the nervous centres and conducting path- 
ways to deliver motor impulses to the muscle fibres or by the intrinsic con- 
tractile properties of the fibres themselves; whether, in fact, a voluntary effort 
can be bettered by maximal tetanic stimulation of the muscle electrically, or 
not. Again in fatigue it is undecided whether tension falls because the degree 
of voluntary innervation drops or because the fibres are biochemically in- 
capable of maintaining their contraction. The experiments described here 
attempt to settle these questions by comparing directly voluntary tension 
with that resulting from electrically excited motor volleys. To make a valid 
comparison in an intact human subject is difficult, but it will be argued that it 
can be achieved by using a particularly convenient muscle, the adductor of the 
thumb, and special apparatus. 

The paper falls into three parts: the first shows that a maximal voluntary 
effort develops the same tension as a maximal tetanus artificially excited; in 
the second part the same equality is found to persist during fatigue, implying 
that in fatigue, too, the limitation of strength is peripheral; finally the effect 
of ischaemia is described. Preliminary accounts have already appeared 
(Merton & Pampiglione, 1950; Merton, 1950). 


METHODS 


The general arrangements for recording from the adductor pollicis are shown in Fig. 1. Maximal 
shocks were applied to the ulnar nerve at the wrist, the resulting action potentials led off by silver 
surface-electrodes and mechanical twitches recorded by a mechano-electric transducing valve 
(RCA 5784) and d.c. amplifier. Amplified action potentials and mechanical records were photo- 
graphed on two cathode-ray tubes. 

In experiments in which a very slow sweep was used, lasting several minutes, it was necessary 
to use @ faint spot to avoid fogging. To obtain good photographic records of action potential height 
a diode valve was connected across the Y deflexion plates of the cathode-ray tube. Its effect is 
to rectify the negative phase of the action potential. This voltage remains on the amplifier output 
coupling condensers after the action potential and decays with a time constant of several seconds, 
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determined by the condenser capacities and the resistances in the Y plate shift network. In this 
way the spot is made to move slowly enough to photograph, although the record then represents 
only the height of the first phase of the action potential. In these experiments time marking was 
done by a clock which connected a 12 V battery across the Y plates for a short time every 30 sec. 
This produced a dot below the action potential trace. When time marker and action potential 
coincided, the latter was lost, because of the low resistance of the battery. 


Fig. 1. Apparatus for recording simultaneous mechanical and electrical responses from the 
adductor pollicis. To the left, the mechano-electric transducer mounted on the outer track of 

a 12in. ball-bearing. (Counterweight opposite takes up play in the race.) Silver lead-off 

_ electrodes on the palm and a wire running to an earthing pad behind the knuckles. Stimulating 
and indifferent electrodes on the forearm. The whole apparatus is mounted on a steel pillar 
(not shown) at a height suitable for use interchangeably on either a patient in bed (as shown) 

or a sitting subject. Two extra straps holding the arm to the splint removed for photography. 


The great advantage of the adductor pollicis muscle is that under appropriate conditions it is 
the only ulnar-supplied muscle acting on the thumb and also the only muscle used in voluntary 
adduction. Thus voluntary force and the tension developed with electrical stimulation can be 
compared in reasonable certainty that the same muscle mass is producing both. The muscles that 
may interfere in the comparison by contributing to the voluntary tension are the median-supplied 
muscles of the thenar eminence (particularly the opponens pollicis), the flexor hallucis longus, and 
that part of the first dorsal interosseus muscle that arises from the first metacarpal. Steps were 
taken to minimize their actions as follows: fy 

(1) The use of the muscles of opposition of the thumb was prevented by a device of which 
a photograph appears in Fig. 1. The splint which held the hand was attached to the inner track of 
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a 12 in. home-made ball-bearing. The outer track carried the tension recorder which could thus 
move freely around the hand. The axis of rotation was approximately coincident with the third 
metacarpal, the bone from which the adductor pollicis arises, When this muscle contracted there 
should, therefore, be little tendency for the race to turn. The opponens muscle, however, passes 
to the palmar side of the axis, and when it contracts the race should turn in the direction of thumb 
opposition. In practice, the line of the axis was so adjusted that when the ulnar nerve was tetanized 
; alone the race took up & position with the thumb a little forward of the plane of the palm, but 
when the median nerve was simultaneously excited a large movement of opposition took place. 
With brief voluntary efforts it is found that the tension that can be exerted is not obviously 
by increased by the use of the opponens if the race is free to turn. Presumably both muscles are then 

working at a lesser mechanical advantage. If the race is clamped, use of the opponens gives about 
a 30% increase in tension. When fatigue of the adductor has occurred the opponens can augment 
the tension even with the race free; for this reason the subject kept the thumb in the adductor 
position. Examination with a needle electrode confirmed that this procedure prevents significant 
use of median-supplied muscles, even when the adductor itself is grossly fatigued. 

Owing to inertia the race cannot respond immediately to use of the opponens. Thus transient 
3 eae of tension are still possible; for this reason brief peaks in a voluntary tension record 
are 

(2) The action of flexor pollicis longus was rendered inappreciable firstly by encouraging the 
subject not to flex the phalanges of the thumb, and secondly by an automatic compensation in the 
tension recorder, The latter consists of an inverted steel U-member disposed so that the pull of 
the thumb diverges the limbs (Fig. 1), the transducer measuring this divergence. For a given force 
the largest reading is obtained when the direction of pull is not parallel to the line joining the ends 
of the limbs but makes an angle of about 30° above the horizontal, as seen in Fig. 1. When the 
? proximal phalanx is flexed, however, the line of pull becomes more nearly horizontal so that the 
same tension produces a smaller deflexion on the record. The dimensions of the system are such 
that the maximum tension a subject can record is little affected by flexion of the phalanges, the 
increase due to use of the long flexor being offset by the less effective direction of pull. (If, how- 
ever, the tension recorder is inverted so that the compensating action is reversed, the tension can 
be greatly augmented by flexing the thumb.) | 

(3) Any contribution from the first dorsal interosseus muscle was minimized by cutting away 
the splint so that there is nothing against which to brace the index finger, into which it is inserted. 
If, despite this precaution, a small component of tension from the interosseus still remains it is of 
, little importance, for this muscle is also supplied by the ulnar nerve and therefore the comparison 
of voluntary and electrically excited contractions is not invalidated. 
| Observations on subjects making maximal efforts confirm the success of the apparatus in 
} recording only the adductor pollicis. As he fatigues, a subject, in an attempt to restore the tension, 
may call into play forearm muscles, twist the hand about in the splint, flex fingers and thumb, etc. 
But so long as he pulls in the correct direction, as evidenced by the position of the ball race, these 
endeavours are strikingly ineffective at increasing the tension. This is true even when fatigue has 
: reduced the tension of the adductor to a tenth or less of its full value. At such a time any contribu- 
( tions from extraneous muscles would have a relatively much greater effect. 

In all the records illustrated here the subject was the author, but the principal results have also 
| been demonstrated on other subjects. 


RESULTS | 

As soon as the apparatus was put into use two facts were at once apparent; 
; that there is a definite ‘ceiling’ to voluntary pull and that the sensation of 
effort and tension are completely unreliable. In a typical sequence the ‘ceiling’ 
tension is reached by what appears to be quite moderate exertion: the subject, 

| unconvinced, then determines really to pull as hard as he can, the teeth clench 
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and muscles all over the body are recruited in an intense effort, but in spite of 
strong sub) ective impressions to the contrary, the tension registered shows no 
increase; in fact after a few seconds it begins, with the onset of fatigue, to drop. 
Not, however, until it has fallen to a fraction of its initial value does the subject 
become aware that his strength is failing. 

The tension ‘ceiling’ was very definite in Wilkie’s (1950) experiments on the 
arm flexors. He noted that maximal movements could be repeated with great 
consistency over a period of months. He concluded on these and other grounds 
that in a maximal effort the degree of excitation of the muscles was constant. 
I have made similar observations on the adductor. Granted, then, that the 
maximal voluntary tension of a muscle has a definite and repeatable value, the 
next step is to compare it with electrical tetani. Wilkie could not do this but 
accepted the current view that the maximal tetanic tension would be larger. 
His paper, however, would actually gain in conclusiveness if it were shown to 
be the same, 

Comparison of voluntary effort with tetanus 

Records from a typical experiment are shown in Fig. 2, and the whole series 
is plotted in Fig. 3. First the subject makes a maximal effort lasting roughly 
a second (‘Vol. 1’). After a minute’s rest the response to a single maximal 
motor shock is taken (plotted as frequency 0 on Fig. 3). A minute later a 
tetanus at 10/sec is given, and after similar periods of rest, the other tetani at 
increasing frequency up to 50/sec. The 50/sec tetanus was then repeated with 
a 25% larger shock to check that the stimulus was maximal for motor fibres. 
(Owing probably to polarization of the tissues the shocks must be more than 
double the voltage that is necessary for a single maximal response if they are 
to remain maximal throughout a tetanus at these rates. The considerable pain 
caused is minimized if the skin under the stimulating electrode is not broken.) 
Finally the voluntary effort is repeated to exclude the possibility of cumulative 
fatigue during the experiment (‘Vol. 2’). 

The curve of tension against frequency of tetanus rises smoothly towards an 
asymptote along an S-shaped curve, in the way that Cooper & Eccles (1930) 
found in cat’s muscles. The arrow on Fig. 3 is placed, as in their paper, at the 
frequency where the interval between shocks is equal to the contraction time of 
the muscle, i.e. the time from the beginning of the action potential to the peak 
of the twitch. This, as they found, is about half the frequency required to give 
a completely fused contraction. The tension attained with the faster rates of 
stimulation is closely the same as in the two voluntary efforts. There are good 
reasons for believing that the tetanic tension measured in this way is a true 
value, i.e. that stimulation was both sufficiently rapid and sufficiently strong 
to activate the contractile mechanism fully. (1) The tension was not increased 
by increasing the stimulating voltage; (2) the action potential size did not 
diminish during the tetanus. These two facts establish that the shock was 
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Twitch 10/sec 12:5/sec 


25/sec 33/sec 50/sec Vol. 2 


Fig. 2. Brief maximal voluntary efforts (Vol. 1 and Vol. 2) compared with a single 
maximal twitch and with tetani at the rates shown. Time markers, 75 sec, 
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Fig. 3. The relation between tension and tetanus frequency and a comparison with two voluntary 
efforts (Vol. 1 and Vol. 2). A single twitch plotted as frequency 0. (Measurements of the 
records shown in Fig. 2.) 
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maximal. (3) At the highest frequencies the tension/rate curve in Fig. 3 has 
clearly flattened out. (4) At these frequencies the contraction is completely 
fused. (5) From Cooper’s & Eccles’s work it is known that nearly the full 
tension is developed in a tetanus with shock intervals equal to half the con- 
traction time of the muscle. This rate was exceeded. For these last three 
reasons it is thought that the rate of stimulation was adequate to evoke a 
maximal contraction. As regards the voluntary contractions, the evidence 
that the tension recorded is produced only by the adductor has been given in 
the section on Methods. The conclusions from this experiment, then, are that 
the tetanic tension of the muscle has been correctly measured and is equal to 
its maximal voluntary tension. 


The superimposed twitch 

An independent check on this result can be obtained by studying the effect 
of an electric shock to the motor nerve interpolated during a voluntary con- 
traction. The principle of the method is that if all the muscle fibres are fully 
activated an extra motor volley will not superimpose any twitch on the tension 
record. Thus the presence or absence of a twitch decides whether or not a 
voluntary contraction is equivalent to a maximal tetanus. This phenomenon 
of the occlusion of the twitch was described by Denny-Brown (1928). The 
experiment can with advantage be put on a quantitative basis, and Fig. 4 
shows the effect of an interpolated maximal shock at a number of different 
levels of voluntary tension. At each tension five records are superimposed. 
Measurements of these records are plotted in Fig. 5. It is clear that the size of 
the superimposed twitch falls off linearly with increasing tension. The extra- 
polated value of the tension for zero twitch tension agrees with the maximal 
voluntary tension. (The value is some 10% lower than that obtained in Fig. 2 
owing to slight fatigue, each record of Fig. 4 taking about 15 sec to make.) 
Even when there is only a very small twitch the motor volley still gives rise to 
an almost normal synchronized muscle action potential, so there is no doubt 
that the stimulus has excited effectively. The disappearance of the twitch at 
the greatest voluntary tension means, therefore, that the contractile substance 
is activated maximally. 

The peculiar value of this experiment lies in its indifference to just those 
conditions which must be satisfied before the previous direct comparison 
experiment can have significance. It is not necessary that the shock should be 
maximal for motor fibres: were it submaximal all twitches would be smaller 
and perhaps more difficult to detect, but by their presence or absence voluntary 
efforts could still be tested, even if the test were less sensitive. Nor does it 
matter if other muscles are used to assist in the voluntary contraction; if there 
is no superimposed twitch that still means that the main muscle is contracting 
maximally, for what the experiment decides is whether those muscle fibres 
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whose motor nerve fibres are excited by the shock are contracting maximally. 
The number of motor fibres stimulated may be only a fraction of the total 


) 1 2 3 


+ Fig. 4. Maximal twitches superimposed on steady voluntary efforts of the tensions shown (in 
kilograms) above each record. Lower traces show the corresponding action potentials. 
Camera shutter left open for five sweeps for each record. Time markers (on first action 
potential and last mechanical record), +35 sec. 


Voluntary tension (kg) 
Fig. 5. The relationship between superimposed twitch tension and background tension (measure- 
ments of the records shown in Fig. 4). The vertical lines indicate approximately the total 
| range of yalues of twitch height. | 


involved in the voluntary contraction, either because the shock is submaximal - 
| or because other muscles are being used which the stimulus cannot excite, but 
in the fraction caught by the shock those units which are not fully activated 
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will give a twitch and those which are will not. This technique could, therefore, 
be applied in conditions like Wilkie’s to test whether arm flexors were con- 
tracting maximally (Wilkie, 1950). It would be impossible to be certain of 
tetanizing all the flexors maximally (without exciting any extensors) in order 
to make the direct comparison, but a substantial fraction of the flexors could 


be stimulated by « single shock which is all that is needed for the present — 


method. 
Fatigue 

In the experiments just described it has been shown that, contrary to the 
usual belief, a voluntary effort can realize the full tetanic tension of the muscle, 
but the observations were limited to very brief periods of contraction. It is 
a commonplace that our greatest strength is only available for a few seconds 
at a time before fatigue sets in, and this is readily confirmed with the present 
apparatus when an attempt is made to maintain contractions for longer. 
Indeed, if a maximal effort is recorded on a sweep sufficiently slow to see the 
whole course of fatigue the tension appears to drop linearly from the start 
(Fig. 6A, top trace). It reaches half its initial value in about a minute. The 
first question to be answered is whether the previous equality between 
voluntary and tetanic contraction persists or whether this falling-off represents 
a selective decrease of voluntary force with maintenance of the tetanus. If the 
equality still holds, then the site of fatigue must be peripheral to the point of 
tetanization of the nerve; otherwise it is central, wholly or partly. Experiment 
points definitely to a peripheral causation. At any point on the slope of 
decreasing tension an interpolated tetanus causes no return of tension. (The 
whole curve unfortunately cannot be obtained by tetanization because of 
excessive pain.) Similarly, single shocks superimpose no twitch. Thus, by the 
previous criteria, voluntary effort is continuing during fatigue to activate the 
muscle fully and the drop in tension must, therefore, be due to failure in some 
part of the peripheral apparatus. 

If the subject begins at a smaller tension and holds it steadily as long as he can, at first inter- 
polated shocks do cause twitches. As fatigue deepens the twitches get smaller and finally dis- 


appear. During this time the subject is making a progressively greater effort in order to maintain 
the tension. Finally, a maximal effort is needed and this corresponds to the time when the twitch 
disappears. Immediately afterwards the tension drops away along the usual fatigue slope. 


Granted that the site of fatigue is peripheral, which part of the neuro- 
muscular apparatus is affected? The only definite information offered here is 
from the muscle action potentials. During extreme fatigue they do not 
diminish in amplitude, so fatigue is not due to neuromuscular block. This is 
a point which has frequently been in dispute in animal experiments (e.g. 
Brown & Burns, 1949), but the answer here seems to be quite unequivocal. 
A complete experiment is illustrated in Fig. 6A. Maximal motor shocks to the 
ulnar nerve at the wrist are delivered at intervals of about 12 sec throughout. 
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Action potentials (of which, as already described, only the first phase is 
recorded) appear on the lower trace. At the start the tension record shows 
a number of maximal twitches. The subject then begins his voluntary effort, 
during which no superimposed twitches can be seen, but the corresponding 
action potentials are present, disturbed by voluntary potentials, but at approxi- 
mately normal voltage. After the voluntary effort stops the first twitches are 
very small but they recover to normal in about a minute. Action potentials 
show no change during recovery but continue throughout at the initial 


A B 


Fig. 6A: a maximal voluntary effort persisted in until severely fatigued. A series of single twitches 
(evoked by nerve shocks) precede and follow. Lower trace, the corresponding action 
potentials, recorded as described under Methods. Time markers, } min. B: the same but 
with the circulation occluded for the period indicated by a line beneath the record. — 


amplitude. It appears therefore that a very large fall in the contractile power 
of the muscle during fatigue occurs without appreciable impairment of con- 
duction from nerve to muscle. This conclusion is also implicit in the findings 
of Hoffmann (1919). 

There exists the possibility that the action potentials recorded whose size does not diminish 
are not those of the muscle fibres that are suffering fatigue but perhaps come from a superficial 
piece of muscle which is little exerted: this seems unlikely because the adductor is the only ulnar 
supplied muscle near the electrodes and the preceding experiments claim to have shown that the 
whole of the adductor is involved in the contraction recorded. Nevertheless, the precaution was 
taken of recording from different parts of the adductor with a needle electrode: the results never 
differed from those already described. 

A very similar picture is obtained if the muscle strength is judged by brief 
maximal voluntary efforts-(Fig. 7A) or by brief tetani. After the fatiguing 
contraction, strength recovers rapidly, more rapidly in fact than the maximal 
twitch tension (cf. Fig: 6A). This difference in recovery rates of tetanus and 
twitch, representing a temporary change of the tetanus-twitch ratio, is of 
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interest because it is the exact inverse of the well-known post-tetanic poten- 
tiation of the twitch that is seen after brief voluntary efforts or tetani. 

Not only the twitch and the instantaneous strength recover rapidly but also 
the ability to make another prolonged effort. In Fig. 7A 4 second voluntary 
contraction is made 80 sec after the end of the first. The area under the tension 
curve is about 75% of the first. The full course of recovery has not yet been 
followed. 


A B 


ischaemia 


Fig. 7A: two prolonged maximal voluntary efforts, the second starting 80 seo after the end of the — 
first. At other times strength tested intermittently by brief voluntary pulls. Time markers, 
} min. B; a single prolonged effort during circulatory arrest (indicated by the line below). 
Strength tested as in A. The pedestal towards the end of the record is an injected calibration 
signal equivalent to 2-5 kg. 


Ischaemic fatigue 

The simplest interpretation of the facts so far presented is that the bio- 
chemistry of the contractile process becomes defective during fatigue. Although 
normal action potentials pass over the fibres they cannot be made to contract. 
Recovery involves rest, and it will now be shown that it also requires a flow 
of blood, presumably to supply oxygen. In the ordinary fatigue experiment 
the tension falls linearly to about one-third of its initial value and then flattens 
out (Fig. 6A). The subject finds that he can keep up this low tension inde- 
finitely, although with some little pain. If the circulation of the hand is cut 
off before the contraction begins by a blood pressure cuff inflated around the 
upper arm the initial part of the linear fall is the same, but it continues 
towards zero tension with little sign of flattening out (Fig. 6B). It is thought, 
therefore, that the flattening out takes place when the intramuscular pressure 
falls below systolic blood pressure, partial re-establishment of blood flow 
causing a slowing down of the fatigue process. When there is no circulation, 
fatigue can go on to extinction, but in practice severe pain makes the subject 
give up beforehand. If the circulation remains occluded, the muscle fails to 
recover until it is restored. This is shown when the muscle is tested by single 
shocks in Fig. 6B and tested for voluntary force in Fig. 7B. The same is true 
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if tetani are used. These experiments show that recovery from this type of 
fatigue is essentially aerobic. As in aerobic records there is no diminution of 
the action potentials (Fig. 6B), so here again neuromuscular block does not 
occur. 

This experiment is also important in giving an independent proof that 
fatigue is peripheral. If it were central, recovery should occur when effort 
ceases, for there is no interference with the circulation to central structures. 
But no strength returns until blood flow is restored to the hand and it must 
therefore be in the hand that fatigue has effect. 


DISCUSSION 


It is often held that in health the organs of the body such as the heart, liver, 
kidneys, skeletal muscles and perhaps even the cerebral cortex have at all 
times a large functional reserve. What the purpose is of a large functional 
reserve that can never be called upon is less considered. In the case of skeletal 
muscle this view is coupled with the belief that its potential strength is so 
great that if it were released tendons and bone would not be equal to the 
strain. It now appears that these fears and beliefs were unfounded. Maximal 
tetani do not tear the muscle from the bone but exert a force that can be 
matched by voluntary effort. It is true that maximal tetani are painful and 
feel to the subject to be much more powerful; in fact Hansen & Lindhard 
(1923) wrote: ‘everyone who has experience of having his muscles stimulated 
by electrical stimuli knows that it is possible in this way to obtain contractions 
of a force which it is quite impossible to reproduce voluntarily’. Tension 
measurements do not confirm these subjective impressions, and it seems not 
unlikely that measurement would also upset the belief that lunatics, persons 
suffering from tetanus or convulsions or under hypnosis, and those drowning 
are exceptionally powerful. Cases where athletes and others snap their tendons 
or knee caps are probably to be explained by the forces, considerably in excess 
of the normal maximal tetanic tension, that muscles can be subjected to if they 
are stretched during a contraction. With fatigue there is an inconsistency in 
the current views, for whereas in running and other intense muscular efforts 
of the whole body it is accepted from the classical experiments of A. V. Hill 
and others that the supply of oxygen to the muscles is the factor limiting 
performance, in the case of small movements, such as the working of a finger 
ergograph, central fatigue or neuromuscular block are held responsible 
(Lovatt Evans, 1949; Bartley & Chute, 1947; Reid, 1928), although the 
evidence for these views has frequently been criticized (e.g. Lee, 1906). The 
present results seem to abolish the inconsistency by showing that blood supply 
is the significant factor even in contractions of a single small muscle. This 
conclusion may be artificial in a sense because the experiments lasted only 
36-2 
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a few minutes and the movement investigated involved little skill. Most small 
movements that are of practical interest as regards fatigue are skilful and 
repetitive for long periods, so that deterioration in performance may well be 
central in origin, but if the short-term strength of the muscles themselves is 
important, then the conclusions of this paper are relevant. 


SUMMARY 


1. In a muscle of the human hand voluntary strength is compared with 
maximal tetani, and the two are found to be equal. 

2. During intense voluntary efforts electrical stimulation causes a normal 
action potential but no twitch. This is independent evidence that a voluntary 
contraction activates the contractile substance to the full. 

3. Fatigue is peripheral, for when strength fails electrical stimulation of the 
motor nerve cannot restore it. 

4. Neuromuscular block is not important in the fatigue of a volitional 
tetanus. Even in extreme fatigue action potentials evoked by nerve stimula- 
tion are not significantly diminished. 

5. Recovery from fatigue does not take place if the circulation to the muscle 
is arrested. This again shows that the site of fatigue is peripheral. 


My warmest thanks are due to Dr E. A. Carmichael for his help and encouragement. 


REFERENCES 
Bartiey, 8. H. & Cuurs, E. (1947). Fatigue and Impairment in Man, pp. 67-70. New York and 
‘London: McGraw Hill. 7) 


Baows, F and neuromuscular block in mammalian skeletal 
muscle. Proc. Roy. Soc, B, 136, 182-1 


Oa C. (1930). ‘of J. Physiol. 


Denny-Brown, D. (1928). On inhibition as a reflex accompaniment of the tendon and of 
other forms of active muscular response. Proc. Roy. Soc. B, 108, 321-336. i 


Hansex, T. E. & Lovpnasp, J. (1923). On the maximum work of human muscles especially 
flexors of the elbow. J. Physiol. 57, 287-300. “8 


Horrmann, P. (1919). Uber die relative Unermiidbarkeit der Sehnenreflexe. Z. Biol. 69, 517-528. 
Laux, F. 8. (1906). Fatigue. Harvey Lect. 1, 169-194. 

Lovatt Evans, C. (1949). Principles of Human Physiology, 10th ed. p. 136. London: Churchill. 
(1950). Strong voluntary contractions. Abstr. XVIII int. physiol. Congr. 
Merton, P. A. & Pampicriong, G. (1950). Strength and fatigue. Nature, Lond., 166, 527-528. 
Ret, C. (1928). The mechanism of voluntary muscular fatigue. Quart. J. exp. Physiol. 19, 17-42. 
bas (1950). The relation between force and velocity in human muscle. J. Physiol. 110, 


<3 
4 
| 
4 


J. Physiol. (1954) 123, 565-573 


THE EFFECT OF DEGENERATIVE SECTION OF GANGLIONIC 
AXONS ON TRANSMISSION THROUGH THE GANGLION 


By G. L. BROWN anp J. E. PASCOE 
From the Department of Physiology, University College, London 
(Received 17 September 1953) 


There is evidence that reflex conduction in the spinal cord is disturbed when 
the axons of the anterior horn cells are regenerating after division (Campbell, 
1944; Downman, Eccles & McIntyre, 1953). There is also evidence of altered 
synaptic function in ganglia after degenerative section of postganglionic fibres 
(Acheson, 1952). Our attention was first drawn to this problem during an 
investigation of the pathways through the inferior mesenteric ganglion in the 
rabbit (Brown & Pascoe, 1952); we found that degenerative section of post- 
ganglionic trunks caused complete failure of synaptic transmission between 
preganglionic nerves and the cells with cut axons. We accordingly undertook 
a systematic investigation of the phenomenon, using other ganglionic systems 
in which the fibre connexions are less complex than in the inferior mesenteric. 
Our experiments have shown that the preganglionic nerve and its endings are 
unaffected, and that conduction in the proximal portion of the divided axon is 
substantially normal; the defect responsible for the failure of synaptic trans- 
mission lies in the soma of the neurones. Preliminary accounts of some of this 
work have appeared (Brown, McLennan & Pascoe, 1952a, 6). 


METHODS 


Ganglia and trunks isolated from the body and suspended in Locke’s solution were used in 
many experiments, the technique being identical with that previously described (Brown & Pascoe, 
1952). In other experiments we stimulated and recorded from nerves and ganglia in the living 
animal. Rabbits were anaesthetized with intravenous urethane, 1-8 g/kg, and cats with 
chloralose, 100 mg/kg, after preliminary ethyl chloride and ether. For recording from the inferior 
mesenteric ganglion and nerves, the abdomen was opened in the middle line and the anterior wall 
was sewn to a metal ring to form a bath which was filled with liquid paraffin. In ordinary circum- 
stances the bath so formed was warmed by radiant heat from above, but when different tempera- 
tures were needed, the paraffin was circulated with a pump through a coil kept in a bath at the 
required temperature. Similar arrangements were used for the stellate ganglion, a large piece of 
the chest wall, including the four upper ribs being removed. 

The stimuli, which were applied to the nerve through platinum electrodes, were square voltage 
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pulses of 0-5 msec duration floating from earth. Recording was usually through platinum electrodes 
to an amplifier of adequate frequency response and variable time-constant, d.c. coupling being 
available. Potentials were displayed and photographed from a cathode-ray tube. 

For the degeneration experiments, the animals were anaesthetized with pentobarbitone sodium, 
45 mg/kg intraperitoneally, and the nerve was divided with aseptic precautions. The abdominal 
sections were mostly of one hypogastric nerve in the cat or of the ascending mesenteric nerve in 
the rabbit. Section of the inferior cardiac nerve was performed in the cat. After general anaesthesia 
was completed, the vocal cords were painted with 10% cocaine hydrochloride and a glass tracheal 
cannula was passed between them. The thorax was opened on the left side, artificial respiration 
begun, and a portion of the second rib was removed. There are often two inferior cardiac nerves, 
arising from the caudal pole of the stellate ganglion. One of these was traced as far along its 
course towards the heart as possible; here it was crushed with forceps and a black thread firmly 
tied at the site of crushing. It was important, we found, in all such sections, to leave the nerve in 
continuity, since tracing it at the subsequent final experiment was otherwise impossible. Even so, 
dissection of a length of nerve fit for stimulation and recording was often difficult, because of the 
toughness and density of the scar tissue binding the site of section to the thoracic wall and to the 
tissues of the superior mediastinum. 

It was necessary in some experiments to divide all the postganglionic fibres of a sympathetic 
ganglion. For this we employed the superior cervical since we wished later to perfuse it, and ample 
data are available about the acetylcholine metabolism of this ganglion only. The superior cervical 
ganglion has some sixteen branches in addition to the preganglionic trunk entering it (Billingsley 
& Ranson, 1918) and the section of all could not be certain without damage to the ganglion itself 
or to its blood supply. We contented ourselves with dividing the internal and external carotid 
nerves and as many branches leaving the body of the ganglion as could easily be identified. 

For perfusion we used the conventional technique with Locke's solution containing 1 x 10-* 
eserine sulphate. The acetylcholine content of the samples was estimated in terms of acetylcholine 
chloride on the blood pressure of the chloralosed cat. 

Arterial injections of acetylcholine were made into the inferior mesenteric ganglion of the cat. 
We assumed at first that the blood supply of this ganglion was invariably from the inferior 
mesenteric artery, and that it would suffice to insert a cannula into the artery, pointing heart- 
wards, and at the moment of the injection to occlude the artery between the ganglion and the 
aorta (cf. Barsoum, Gaddum & Khayyal, 1934). Experience showed that the ganglionic blood 
supply was, in fact, extremely variable, the twigs arising sometimes far out along the inferior 
mesenteric artery, or from the ovarian artery, or directly from the sorta, or sometimes from 
combinations of these places. We accordingly adopted the technique of opening the abdomen 
and filling the abdominal trough with paraffin. The blood supply of the ganglion was then identified, 
a cannula was inserted into the inferior mesenteric artery pointing towards the heart, and arrange- 
ments were made with loops of thread to restrict the injected fluid as far as possible to the region 
of the ganglion. 


RESULTS 


In the description of our results we have used the term ‘axotomy’ to mean 
degenerative section of the axons of ganglion cells. It has already been stated 
that the complexity of the connexions of the inferior mesenteric ganglion make 
it less than ideal for these experiments. We therefore chose to do much of the 
work on the stellate ganglion of the cat, using for axotomy the inferior cardiac 
nerve. This nerve is composed of a homogeneous group of postganglionic 
fibres whose cells occupy a discrete region of the stellate ganglion (Eccles, 
1943); it contains no preganglionic fibres, and the fibres running straight 
through the ganglion are few in number and distinguished easily from the 
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ionic fibres by their much higher conduction velocity. The inferior 
cardiac has the further advantage that either two similar nerves leave the 


stellate ganglion or a single larger nerve branches, thus allowing one portion 
to be used as a control. 


Fig. 1. Responses of a cat’s stellate gamguon vested tm vireo: (a) shows the complete absence of 
a transmitted response when the sympathetic trunk below the ganglion was stimulated and 
lead-off electrodes placed on the inferior cardiac nerve that had been cut peripherally 
21 days previously; (6) shows the transmitted response with similar stimulation as in (a) but 
with the lead-off electrodes on a normal inferior cardiac nerve; (c) is the action potential 
obtained when the inferior cardiac nerve, that had been cut 21] days previously, was 
stimulated directly. 


Transmission in the stellate ganglion 
Examination of the stellate ganglion in vitro, some 3 weeks after section of 
the inferior cardiac nerve, showed a complete failure of transmission from the 
sympathetic chain to the nerve which had been cut (Fig. 1), although trans- 
mission to other branches of the ganglion was normal. The inferior cardiac 
nerve, excited between the ganglion and the point of section, gave a normal 
action potential (Fig. 1). This complete failure of transmission is, however, 
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a phenomenon of the excised ganglion. If the ganglion is examined in vivo at 
any time between 3 and 12 weeks after axotomy, there is a small remnant of 
transmitted response. It is impossible to make any quantitative comparison 
of the residual spike with the normal transmitted response because of the 
swelling and vascularization of the sheath of the divided nerve, but, assuming 
that conditions in the trunk were the same as on the normal side, the residual 
spike would represent activity in about 5% of the fibres. 
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Fig. 2. The recovery curves of normal, ©, and axotomized, @, neurones of the cat’s stellate 
ganglion tested in vivo 7 days after axotomy: (a) shows the delay in complete recovery after 
the initial volley; (6) shows the early stages of recovery from which it can be seen that there 
is no difference in the absolute refractory period of the axotomized and normal neurones. 


The first sign of the effects of axotomy is a prolongation of the relative 
refractory period of transmission. Fig. 2 shows the recovery curve of the 
second of two maximal preganglionic volleys transmitted through the stellate 
ganglion in vivo 7 days after axotomy. In this preparation the transmitted 
action potentials in the axotomized and control nerves were of similar size. 
The relative refractory period gradually lengthens as transmission fails; in one 
experiment on an excised ganglion the response to a first preganglionic volley 
appeared normal, but a second was not fully transmitted until some 20 sec 
had elapsed. The abnormally long relative refractory period is a property of the 
ganglionic apparatus, since examination of the divided nerve showed that its 
response to two volleys was not greatly different from that of normal nerve. 

The prolongation of the relative refractory period is reflected in the failure 
of the ganglion to transmit trains of impulses. Repetitive stimuli at frequencies 
of about 20 per sec evoke, in the normal ganglion, a steady maintained response. 


= 
4 
» 


GANGLIONIC TRANSMISSION AFTER AXOTOMY 569 


In the axotomized ganglion a similar stimulus is followed by a response which 
declines rapidly. 

Ganglionic slow potentials. The axotomized ganglion shows depression and 
often absence of the characteristic ganglionic slow potentials, even when 
a transmitted spike of reasonable magnitude is present. This change is apparent 
4 days after axotomy, and it is likely that the increase in the relative refractory 
period can be related to the absence of a negative after-potential. In normal 
ganglia repetitive preganglionic stimulation greatly increases the size of the 
positive after-potential. In the axotomized ganglion, a positive after-potential 
may appear after repetitive preganglionic stimulation, but it is small and the 
effect is fugitive. 

Transmission in the inferior mesenteric ganglion 

As we have already pointed out, the complexity of the inferior mesenteric 
ganglion in the rabbit is such as to prohibit its use for much of this work. The 
inferior mesenteric ganglionic system in the cat has some advantages, parti- 
cularly in the length of postganglionic fibres available in the hypogastric 
nerves. It is rendered less suitable by the presence in the hypogastric nerves 
of collaterals of preganglionic fibres which are responsible for the Sokownin 
reflex, through their forming synapses with the ganglion cells (Langley & 
Anderson, 1894; Lloyd, 1937). 

With this preparation, just as with the stellate ganglion, we found that 
section of the hypogastric nerve led to failure of transmission from pregan- 
glionic fibres to ganglion cells, although the postganglionic fibres were conducting 
normally. The length of the hypogastric nerves enabled us to cut them several 
centimetres distal to the ganglion. This is a point of some importance, since 
it enabled us to ensure that the ganglion cells were not involved in the local 
damage and reaction produced at the point of section. 

In the inferior mesenteric, just as in the stellate ganglion, axotomy does not 
completely abolish transmission in the ganglion examined in vivo, and the 
residual spike is of about the same relative size as in the stellate. 

In a number of experiments, we recorded the natural discharge in the cut 
and in the normal hypogastric nerves, the inferior splanchnic nerves being 
left intact. The natural discharge was always small on the cut side, rarely being 
detectable above the noise level. 

We have not made a systematic study of the development of failure of 
transmission across the ganglionic synapse as a result of axotomy; at 72 hr 
there is a clear prolongation of the relative refractory period, although the 
transmitted spike is not greatly reduced in size. 


Attempts to relieve transmission block 
Attempts to restore transmission by repetitive stimulation of one preganglionic 
nerve or of two such nerves known to converge on the affected cells were 
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unsuccessful, as was antidromic stimulation at various intervals before sending 
in a preganglionic volley. Similarly, a normal ganglion shows ‘post-tetanic’ 
facilitation when transmission through it is depressed by blocking agents such 
as tubocurarine or by anoxia. Axotomized ganglia, in which block was not yet 
complete, showed a post-tetanic facilitation, but it was no greater than that 
occurring at the normal ganglionic synapses. When transmission was com- 
pletely blocked, no restoration followed repetitive stimulation of the pre- 
ganglionic fibres. 

We made a number of attempts to relieve the block by pharmacological 
means. For this we chose the stellate ganglion since injections into its arterial 
system can readily be made via the brachial and subclavian arteries. Various 
concentrations of acetylcholine, eserine, prostigmine, adrenaline and of potas- 
sium chloride were injected. In no instance could we secure evidence of relief 
of block, although the concentrations were gradually increased until complete 
ganglionic paralysis occurred. 

Output of acetylcholine 

The experiments we have so far described gave clear evidence of the existence 
of transmission block in the axotomized ganglion, but none about the location 
of the block. The failure, indeed, of any of the means we employed to relieve 
the block suggests that it differs from that produced by the ordinary blocking 
agents. It was accordingly necessary to determine whether the output of 
acetylcholine was disturbed. We therefore divided all the major branches of 
the superior cervical ganglion in the cat and, after the lapse of 3 weeks, 
prepared the ganglion for perfusion in the usual way. The dissection in these 
circumstances was made difficult by scar tissue; the bulk of tissue perfused 
was accordingly greater, and the probability of arterial and venous leaks was 
increased. In spite of these adverse circumstances, the quantities of acetyl- 
choline collected in the venous effluent were close to those obtained from 


normal ganglia, e.g. in one experiment the amounts in successive 10 min samples 
were as shown in Table 1. 


TaBiE 1. Acetylcholine content of six 10 min samples of perfusates from an axotomized superior 


cervical ganglion before and during preganglionic stimulation at a frequency of 10/sec 
(cf. Brown & Feldberg, 1936) 


Sample “ Sample 
1 0-04 a 0-12 
2 0-00 5 0-09 
3 0-00 6 0-05 


Sensitivity of axotomized ganglion cells to acetylcholine 
The fact that the output of acetylcholine was apparently normal suggested 
that the cells of the axotomized ganglion would be insensitive to acetylcholine 
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reaching them through the circulation. This proved to be so, although com- 
plete disappearance of the response was not secured. For these experiments 
we chose the inferior mesenteric ganglion of the cat, since we needed a control 
nerve for simultaneous recording and a nerve trunk sufficiently long to allow 
it to be sectioned well clear of the ganglion and its blood supply. The variability 
of the ganglion’s blood supply introduced unexpected difficulties, and in a 
number of our preliminary experiments no recordable responses were obtained 
even from the normal nerve. With further experience, however, we regularly 
secured good responses from the normal side, and with equal regularity a 
very much smaller response from the side on which the axons had previously 
been cut. Quantitative comparisons between the two sides was impracticable, 
because it is impossible to control the degree of short circuiting of electrodes 
by inactive nerve fibres and the amount of connective tissue remaining when 
the nerves have been prepared for recording. 


DISCUSSION 


Our experiments have shown that there is a major disturbance of synaptic 
function when the axons of ganglion cells are regenerating; they also provide 
evidence of the site of this failure of transmission. Acetylcholine liberation 
has been shown to be substantially normal when the preganglionic fibres of 
the axotomized ganglion are stimulated. The ganglion has also been shown to 
have a greatly reduced sensitivity to acetylcholine reaching it through the 
circulation, and we are forced, therefore, to the conclusion that the primary 
cause of the fault in transmission is a loss of sensitivity of the ganglion cells to 
the transmitter liberated by the preganglionic nerve terminals. None of the 
procedures we have tried has been successful in restoring transmission and 
this is surprising, particularly in view of the effectiveness in most other 
circumstances of repetitive excitation of the preganglionic fibres. 

This suggests that the ganglion cell has undergone some profound change of 
whose nature we are ignorant. McLennan’s (1954) experiments show that 
there are changes in the enzymic activity of the ganglion as a whole, as great 
as those produced by the degeneration of the preganglionic fibres. It is 
possible to relate the changes in acetylcholine metabolism which he describes 
to the failure of synaptic transmission. Depression of cholinesterase activity 
readily leads to block in ganglia through, presumably, the accumulation of 
acetylcholine and depolarization of the ganglion, and the behaviour of the 
recently axotomized ganglion is not incompatible with such an explanation. 
It shows, for instance, improved transmission after a rest and increasing 
depression with moderate frequencies of stimulation, and relief of the block 
is not brought about by rapid repetitive preganglionic stimulation. If the 
block were, in fact, an ‘accumulation’ block, the administration of, for example, 
tubocurarine would be expected to relieve it; in our experiments no such 
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relief occurred. This is not, however, conclusive evidence against the block — 
being due to accumulation of acetylcholine, since antagonisms of this sort are 
precarious and dosage must be regulated with great precision. 

Whatever the ultimate cause of the ganglionic block, it is due to the failure 
of sensitivity of the ganglion cells, and we cannot in this instance adduce the 
simple mechanical hypothesis which Downman et al. (1953) used to explain 
a similar phenomenon in the motoneurones of the cord: a rupture of contact 
between synaptic knobs and soma through the swelling of the latter. Such 
a change as this would be unlikely to reduce the sensitivity of the cell to 
injected acetylcholine. 

Another puzzling feature of our results is the persistence of a small trans- 
mitted response and of a small discharge with acetylcholine in ganglia 
examined under conditions of natural circulation. The smallness of the per- 
sisting spike precludes precise determinations, but our observations give no 
suggestion that it differs from the normal spike in synaptic delay or velocity 
of conduction; it does not apparently increase in magnitude with time, and is 
unlikely to be an equivalent of the polysynaptic spikes transmitted by spinal 
motoneurones after axotomy (Campbell, 1944; Downman ef al. 1953). - 

One possible explanation of the persisting spike is that it is produced by 
nerve fibres which have already remade peripheral connexions. Sympathetic 
axons in the cat certainly grow and make functional connexion fast enough 
for this to occur (Butson, 1950), if the divided axons had only to grow as far 
as the blood vessels of the scar tissue at the point of section. Whether such 
connexions could be copious enough to allow recovery of transmission in some 
5% of the ganglion cells is more doubtful. A further argument against the 
persisting spike being due to reconnexion is that it occurs only in the ganglion 
with natural circulation, although it is possible that the recently recovered 
transmission is more labile than in the normal ganglion. We have as yet no 
information about the behaviour of the ganglionic synapse at the time when 
the growing axons are making their peripheral connexions, although we know 
that synaptic transmission is restored when peripheral connexion is complete. 


SUMMARY 
1. Degenerative section of the postganglionic axons of stellate and inferior 
mesenteric ganglia in cat and rabbit produces failure of transmission in the 
ganglion. 


2. The postganglionic axons between the ganglion cell and the point of 
section conduct normally. 


3. The transmission block cannot be relieved by ‘post-tetanic’ facilitation 
or pharmacological means. 
4. The output of acetylcholine on stimulation of the preganglionic fibres 
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of the perfused superior cervical ganglion, with its postganglionic axons 
previously cut, is within normal limits. 
5. Injected acetylcholine fails to excite the ganglion cells whose axons have 


been cut. 
6. The failure of transmission is due to loss of sensitivity of the ganglion 
cells to liberated transmitter. - 


We wish to thank Dr H. McLennan for his assistance in many of the experiments. The expenses 
of this work were met in part by a grant from the Medical Research Council. 
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FACTORS CONTROLLING LIVER BLOOD FLOW IN THE RAT 


By M. GINSBURG awp J. GRAYSON 


From the Departments of Pharmacology and Physiology, 
University of Bristol 


(Received 5 October 1953) 


In a previous investigation Grayson & Johnson (1953), using the technique of 
‘internal calorimetry’, showed that an increase in blood pressure, whether 
produced mechanically or by the administration of adrenaline, caused a 
transient increase in liver blood flow. It was shown that part, at least, of this 
blood-flow increment was brought about by the stimulation of the receptors 
of the aortic arch and carotid sinuses. Johnson (1953) showed, further, that 
lowering the blood pressure produced a short-lived vasoconstrictor response 
in the liver. Although the afferent pathway of these reflex effects was demon- 
strated, the efferent pathways were not determined. One object of the present 
work was, therefore, to investigate fully the nervous pathways involved. 

In any species the importance of nervous control in the maintenance of 
vasomotor tone varies greatly from organ to organ. In some tissues such as 
the skin (Barcroft & Swan, 1953) and bowel (Grayson, 1949, 1952), nervous 
control through the autonomic nervous system is of first importance. In other 
structures such as the kidney, nervous factors may effect circulatory adjust- 
ments, but they appear to play no part in the maintenance of the resting blood 
flow (Smith, 1951). The previous work of Grayson & Johnson (1953) on liver 
blood flow suggested that neurogenic vasomotor tone was of less importance 
in the liver than in the bowel. A further object of this work was, therefore, to 
determine the importance of autonomic control of the hepatic circulation in 
animals with the liver blood supply intact, and further to study the autonomic 
control of the separate hepatic arterial and portal venous contributions to 
liver blood flow. 

METHODS 


The technique of internal calorimetry, fully described elsewhere (Birnie & Grayson, 1952; Grayson, 
1952), was used for the assessment of liver blood flow. The operative technique involved in the 
implantation of the recorders has been already described in detail (Grayson & Johnson, 1953). 
A heated thermocouple recorder was implanted under ether anaesthesia in a lobe of the rat’s 
liver. On passing a small electric current through a heater 80 embedded, its temperature, recorded 
thermoelectrically, rises rapidly to equilibrium. Heat produced in the heater equals the heat lost 
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to the tissues. Heat production is given by the equation H =CJ*R (where C is a constant, J =the 
current in amperes and R=the resistance of the wire in ohms). Heat loss is partly by direct 
conduction to the tissues and partly to the circulating blood. 

If the recorder is embedded in an inert medium, heat losses are by simple heat conduction. 
Under these conditions it has been shown that /*— Fk (where F is an instrumental constant, 
§ =the temperature rise produced by the current, and k the thermal conductivity of the medium). 
Knowing ¥, having measured @ and /*, it is thus possible to measure thermal conductivity, k. 
The same measurement may be made in a living tissue such as liver with the circulation intact. 
In these circumstances the apparent thermal conductivity is always greater than the thermal 
conductivity of the dead tissue by an amount designated the conductivity increment, 8k. 

In dead liver, for example, the mean thermal conductivity has been shown to be 11-9 x 10-*. 
In an earlier series of experiments (Grayson & Johnson, 1953) the mean apparent thermal con- 

in living rat livers was 26-4 x 10~*. The conductivity increment (8k) was, therefore, 
145 x 10-*, This increase was produced by the presence of circulating blood, which thus, in liver, 
rather more than doubles the thermal conductivity. 

Perfusion experiments suggest that over the range of blood flow normally experienced in the 
liver, conductivity increment is a linear function of blood flow. Moreover, a factor (12-5) has been 
empirically determined which when multiplied by the conductivity increment gives the blood flow 
in ml. blood/ml. tissue/sec (Grayson, 1952). Such conversion should probably be applied with the 
greatest caution. It should be emphasized that the measurements are purely local and in no way 
a measure of total liver blood flow. It is considered that, for the most part, results are better 
expressed simply as conductivity increment (3k). 

Large albino rats (300-400 g) were used for most experiments. A few experiments were per- 
formed on rabbits. Cannulae were inserted in a femoral vein and a femoral artery. Polyethylene 
cannulae treated with silicone 1106 (Hopkin & Williams, Ltd.) were used and heparin (Liquemin, 
Roche) was given in a dose of 100 units/kg intravenously to prevent clotting. 

Blood-pressure recording. In most experiments mean systemic blood pressure was recorded 
optically using Wiggers capsules and a slow-moving recording camera. The capsule was filled with 
0-9% (w/v) sodium chloride solution and connected to the femoral arterial cannula by siliconed 
polyethylene tubing (the carotid artery was avoided as far as possible to obviate unnecessary 
interference with the vagus nerves). 

In some experiments a double membrane manometer (D’Amour & Blood, 1948) was used, 
recording directly on a kymograph. The best records were obtained from the left carotid artery, 
great care being taken in the dissection to avoid the left vagus nerve. 

Blood-pressure compensation. The technique used for compensation of blood pressure changes 
in the rabbit has already been described (Grayson & Johnson, 1953). In the rat a similar technique 
was used; a carotid artery (the femoral artery was too narrow to permit rapid equilibration) was 
connected to a blood reservoir containing about 10 ml. of heparinized rat blood. This was connected 
in turn to a pressure-stabilizing bottle. Raising or lowering the pressure inside the bottle caused 
blood to flow into or out of the reservoir until pressures between animal and reservoir were 
balanced, 

Alternatively, rapid intravenous injection of about 8 ml. of rat blood usually produced a satis- 
factory increment in pressure maintained for periods of several minutes. Withdrawal of an 
equivalent quantity of blood from an artery caused the blood pressure to return to its initial 
levels. 


Coeliac neurectomy and ligation of the coeliac artery. The coeliac artery was approached through 
the mid-line incision previously used for implantation of the liver recorders. The coeliac ganglion 
was usually close to the origin of the coeliac artery from the aorta. It was removed and the coeliac 
artery stripped of nerves. In the heparinized animal great care was needed to avoid excessive 


Diversion or elimination of the portal blood supply. The portal blood supply was diverted in a few 
cases through a polyethylene cannula in the portal vein. The polyethylene tube was filled with 
saline and its other end inserted into the left jugular vein. In most cases portal blood flowed along 
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its new path, but the preparation was rarely satisfactory because kinking of the vein was liable 
to occur with consequent cessation of flow. 

Total elimination of portal flow was usually found preferable. In some cases a clamp was placed 
on the portal vein. This was satisfactory only for short periods since the intestines and splanchnic 
bed rapidly became congested; nevertheless, animals frequently lived for 2 or 3 hr. It was found 
better in most instances to tie the superior and inferior mesenteric arteries and the rectum before 
ligating the portal vein. In this way congestion in the splanchnic bed was greatly reduced and the 
liver was left with only the hepatic artery as its source of blood supply. 

Experiments on the conscious animal. In some experiments, liver blood flow recorders were 
implanted under general anaesthesia and the animals permitted to recover (Grayson & Johnson, 
1953). Cannulae were also inserted into the external jugular vein for subsequent use with 
unanaesthetized animals following the procedure described by Ginsburg & Heller (1953). 


18 
16 


5 10 15 20 3 30 35 
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Fig. 1. The effect of intravenous infusions of adrenaline hydrochloride (3 g/min) on liver blood 
flow in conscious rate. A, before and after administration of hexamethonium iodide (5 mg/ 
kg i.v.); B, before and after administration of atropine sulphate (5 mg/kg i.v.). Ordinate: 
time, 5 min intervals; abscissae: conductivity increment x 10-‘. 


RESULTS 


Pharmacological blocking agents and blood flow in the liver (blood 
supply intact) 
In order to analyse the importance of nervous factors in the control of liver 
blood flow, drugs which block transmission at autonomic ganglia or nerve 
endings were used. 

Restung blood flow. Hexamethonium iodide in doses of 5 mg/kg body weight 
was administered intravenously to three conscious rats with liver blood-flow 
recorders in place. In the experiment shown in Fig. 1 a transient fall in blood 
flow occurred immediately after the injection, but the flow quickly recovered 
so that the level of resting blood flow was effectively unchanged. 
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In rats anaesthetized with ether (see Fig. 2), hexamethonium iodide had no 
effect on resting blood flow apart from variable transient effects immediately 
following the injection. 

Tetraethylammonium bromide in doses of 10 mg/kg body weight was used on 
two conscious and four anaesthetized rats. Again, it had no effect on resting 
hepatic blood flow. 

Atropine sulphate (5 mg/kg) in seven rats and dibenamine dihydrochloride 
(10 mg/kg) in six rats also had only transient effects on resting liver blood flow 
(see Figs. 1-3). 

The effect of raising the blood pressure. In the experiments with conscious 
rats, 0-9 % (w/v) sodium chloride solution was infused at the rate of 0-4 ml./min 
into a cannulated external jugular vein, using a constant speed infusion 
apparatus, “After 2-0 ml. of sodium chloride solution had passed into the 
animal, without stopping the machine or the animal being aware of the change, 
the infusion was altered to one containing adrenaline which was then given at 
the rate of 3-0 .g/min for 5 min. Finally, the saline infusion was resumed. Fig. 1 
shows that in the conscious rat, the adrenaline infusion caused a transient 
rise in liver blood flow similar to that already reported in the conscious rabbit 
(Grayson & Johnson, 1953). After administration of hexamethonium iodide, 
infusion of adrenaline at the same rate produced a fall in liver blood flow. 

In conscious animals it was not found practicable to raise the blood pressure 
mechanically or to obtain satisfactory blood-pressure records, so rats anaes- 
thetized with ether were used for such experiments. The effect of hexa- 
methonium iodide and tetraethylammonium bromide on the dilator response 
in the liver to mechanically elevated blood pressure and to infusion of adrena- 
line was investigated in fourteen rats. With adrenaline the results were similar 
to those obtained in the conscious animal. Infusion rates, which before the 
administration of the blocking agent increased liver blood flow, now lowered 
liver blood flow despite unchanged action on blood pressure. Fig. 2A shows 
the effect of hexamethonium iodide on the dilator response to mechanically 
elevated blood pressure. In this case the response was largely abolished. 

To distinguish between parasympathetic and sympathetic mechanisms, 
experiments were performed in which atropine sulphate and dibenamine 
dihydrochloride were administered. Fig. 1B shows the effect of adrenaline 
infusion on liver blood flow in a conscious rat before and after atropine 
sulphate (5 mg/kg i.v.). Before atropine, adrenaline infusion caused a rise in 
liver blood flow, but after atropine it caused the liver blood flow to fall. 
Similar results were obtained in anaesthetized rats receiving adrenaline 
infusions before and after atropine—although in these experiments atropine 
did not affect the rise in blood pressure during adrenaline infusion. Fig. 2B 
shows that atropine sulphate virtually abolished the hepatic vasodilator 

response to mechanically elevated blood pressure. 
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Administration of dibenamine dihydrochloride (an adrenolytic agent) had 
no effect on the increase in liver blood flow in response to mechanical elevations 
of blood pressure. Since dibenamine prevents the rise in blood pressure which 
normally follows the infusion of adrenaline, it was not used in experiments 
with adrenaline. 


16F 


semmHg 8k X10" 


Fig. 2. The effect of mechanical elevation of blood pressure on liver blood flow in rats anaesthetized 
with ether. A, before and after administration of hexamethonium iodide (5 mg/kg i.v.); 
B, before and after the administration of atropine sulphate (5 mg/kg i.v.). Blood-pressure 
records here and in Figs. 3, 4, 6 and 15 retouched during reproduction. 


The effect of lowering the blood pressure. Fig. 3 shows the changes in liver 
blood flow which accompany mechanically induced falls in blood pressure. 
When the blood pressure was lowered there was a transient fall in liver blood 
flow. The first blood-flow measurement after lowering the blood pressure was 
usually the lowest, and thereafter there was a slight recovery towards the 
resting level of flow, even during the period of maintained hypotension. 
Johnson (1953) has made similar observations, and demonstrated that the 
blood flow during a moderate degree of hypotension usually recovered nearly 
to its initial value. On the return of the blood pressure to normal, in some 
cases blood flow rose above the initial levels and then subsided slowly to the 
resting values. 

Fig. 3A shows that hexamethonium iodide largely abolished this response 
to the lowering of blood pressure. Dibenamine dihydrochloride, in doses which 
had no effect on the response to raised blood pressure, largely abolished the 
response to decreased blood pressure (Fig. 3B). Conversely, atropine sulphate, 
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t) had | _ in doses which abolished the increase in liver blood flow following mechanical 
ations elevation of blood pressure, had no effect on the fall in liver blood flow when 
which the blood pressure was reduced. 
ments 
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we Fig. 3. The effect of mechanical reduction in blood pressure on liver blood flow in rats anaes- 

— thetized with ether. A, before and after hexamethonium iodide (5 mg/kg i.v.); B, before and 

arly after dibenamine dihydrochloride (10 mg/kg i.v.); C, before and after atropine sulphate 

ome (5 mg/kg i.v.). 

the 4 It is interesting that the previously described over-swing in liver blood flow 
| which followed the restoration of blood pressure was not abolished by blocking 

— agents, even by those which prevented the fall in blood flow when the blood 

hich pressure was reduced, i.e. hexamethonium iodide and dibenamine dihydro- 

the chloride. Indeed, the over-swing was more apparent after administration of 

ate, these blocking agents. 
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Coeliac neurectomy and blood flow in the liver (blood supply wtact) 

Resting flow. In eight rats the coeliac ganglion and plexus were removed 
under ether anaesthesia as already described. After the operation there was 
no significant change in resting blood flow during the period of observations 
(Fig. 4). In three other experiments blood-flow recorders were implanted and 
the rats were allowed to recover consciousness. Blood-flow observations were 
made on the same and the next day. The animals were then re-anaesthetized 
and coeliac neurectomy carried out. On subsequent recovery there was little 
impairment of general condition; one animal was permitted to survive for 
3 weeks, and there was no change in the resting level of blood flow. 
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Fig. 4. Effect of coeliac neurectomy on liver blood-flow responses (A) to mechanical elevation of 


blood pressure, (B) to mechanical reduction of blood pressure. Rats anaesthetized with ether- 


. The effect of raising the blood pressure. Fig. 4A shows the results of a typical 
et experiment in which blood pressure was mechanically raised before and after 
coeliac neurectomy; the animal was under ether anaesthesia. When the blood 
pressure recorded from the femoral artery rose, liver blood flow increased and 
then subsided towards resting levels. The abdomen was then opened and the 
coeliac ganglion and plexus were removed. Subsequent mechanical increments 
in blood pressure failed to increase liver blood flow. Similar results were 
obtained in the other experiments. 

In eight rats the effect of adrenaline was investigated before and after 
coeliac neurectomy. In three experiments conscious rats were used. 

Fig. 5 illustrates a typical experiment on a conscious rat. During the in- 
fusion of 3-0 ug adrenaline/min into a cannulated external jugular vein, before 
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coeliac neurectomy an increase in liver blood flow was recorded. The animal 
was then anaesthetized with ether, the coeliac ganglion was removed and the 
coeliac artery stripped of nerves. The following day the animal was in good 
condition ; intravenous infusions of adrenaline (3-0 1g/min) now produced falls 
in liver blood flow. In this experiment, after coeliac neurectomy, when the 
infusion of adrenaline was stopped the liver blood flow rose considerably above 
the resting value to which it gradually returned. Similar results were obtained 
in two other experiments, although in these cases the over-swing seen in 
Fig. 5 after the adrenaline infusion (post-coeliac neurectomy) was not 
pronounced. 


Time, Smin intervals 


Fig. 5. The effect of coeliac neurectomy on the liver blood-flow response to intravenous infusion 
A, before coeliac neurectomy; B, 24 hr after 
coeliac neurectomy. 


In five experiments in anaesthetized rats the effect of adrenaline infusion 
before and after coeliac neurectomy was investigated. Similar results to those 
in the conscious animal were obtained. The effect of adrenaline on the blood 
pressure was not changed by the operation of coeliac neurectomy. 

The effect of lowering the blood pressure. In rats anaesthetized with ether, 
the effect of coeliac neurectomy on the change in liver blood flow in response 
to the reduction of blood pressure was investigated. Fig. 4B shows a typical 
result, When the blood pressure was lowered, liver blood flow fell at first and then 
returned towards the resting value during the period of hypotension. Following 
removal of the coeliac plexus and ganglion a similar drop in blood pressure 
failed to affect the liver blood flow. Similar results were obtained in one other 


experiment. 


Vagus nerve section and blood flow in the liver (blood supply intact) 
Resting flew. In fourteen rats division of one or both vagus nerves did not 
affect resting flow in the liver (see Figs. 6 and 7). In some experiments the 
carotid arteries were clamped and this also had no effect on resting blood flow 
in the liver (see Fig. 8). 
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The effect of raising the blood pressure. In eight experiments it was found 
that right vagotomy alone abolished the hepatic blood-flow responses to 
elevation of blood pressure produced mechanically or by adrenaline infusion. 
Fig. 6 shows a typical experiment in which intravenous adrenaline infusion 
before right vagotomy caused a transient rise in liver blood flow. After right 


vagotomy, a slight fall in liver blood flow accompanied the adrenaline infusion, 


although the blood-pressure responses were unchanged. Similar results were 
obtained when the blood pressure was elevated by mechanical means (see 
Fig. 7). 
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Fig. 6. Right vagus nerve section and the effect of adrenaline infusion (3 u.g/min) on 
liver blood flow. Rat anaesthetized with ether. 


Division of the left vagus nerve alone in four rats did not abolish the hepatic 
blood-flow responses to elevated blood pressure. Fig. 7 shows a typical experi- 
ment in which left vagotomy was without effect, whereas subsequent right 
vagotomy abolished the response to elevated blood presayre. This might have 
implied that the right vagus nerve carried the bulk of the afferent fibres con- 
cerned in the response or that it was the main efferent pathway. 

Fig. 8 shows an experiment in which this was further investigated. Blood- 
pressure elevations accomplished through the left carotid artery produced 
typical transient blood-flow increases in the liver. Following left vagotomy 
and clamping of the right carotid artery, the effect on liver blood flow of 
increasing the blood pressure was much reduced. However, following removal 
of the right carotid clamp, liver blood flow once again increased when the 
blood pressure was elevated. 3 

This Suggests that the afferent fibres in the right vagus nerve were insufficient 
to mediate a full response of liver blood flow to elevated blood pressure. The 


effect of right vagus nerve section in totally abolishing the liver responses to — 


elevated blood pressure was probably, therefore, brought about through 
severing efferent nerve pathways. More direct evidence was obtained in the 
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rabbit in which the afferent fibres from the aortic arch are mainly carried in 
the depressor nerves. It was found that division of the right depressor nerve 
had little effect on the response of liver blood flow to raised blood pressure ; 
division of the right vagus nerve trunk abolished the response. 
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Time, 1 min intervals 
Fig. 7. Effects of vagus nerve section ‘on liver blood-flow responses to mechanically induced 
changes in blood pressure. Rat anaesthetized with ether; blood-pressure control led through 
left artery. Blood pressure was maintained at 100 mm Hg except where solid blocks below 
line indicate reduction of blood pressure to 70 mm Hg and solid blocks above line, elevation 
of blood preasure to 130mm Hg. A: before nerve section; B: left vagus nerve section; 
C: right and left vagus nerve section. 


The effect of lowering the blood pressure. The experiment illustrated in Fig. 7 
shows that while right vagotomy abolished the response of the liver blood 
vessels to an increase in blood pressure this procedure had no effect on its 
response to a fall in the blood pressure. It may be concluded, therefore, that 
the main efferent pathway concerned in the reflex response to a fall in blood 
pressure is not in the right vagus nerve. 

In this respect the response to a fall in blood pressure differs from the 
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nespomse to raising the blood pressure. The experiment shown in Fig. 8, how- 
ever, suggests that the afferent receptors concerned in both reflexes are 
similarly situated. Thus, section of the left vagus nerve and clamping of the 
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Fig. 8. Baroceptor mechanisms and liver blood-flow responses to mechanically induced changes 
in blood pressure. Rat anaesthetized with ether; blood-pressure controlled through the left 
carotid artery. Blood pressure was maintained at 100 mm Hg except where solid blocks 
below line indicate reduction of blood pressure to 70 mm Hg, and solid blocks above the line 
indicate elevations of blood pressure to 130 mm Hg. A, left carotid artery occluded by 
compensating cannula, right carotid and vagus nerves intact; B, left vagus nerve section, 
left carotid occluded as above, right carotid artery clamped; C, after removal of clamp from 
right carotid, left carotid occluded, left vagus divided. ; 


carotid arteries abolished the response of the liver vessels to lowering as well 
as to raising the blood pressute. On releasing the carotid clamp the liver blood- 
flow responses to lowering, as well as to raising the blood pressure, 
returned. 


In the experiment illustrated in Fig. 8 it is interesting to note the rapid 
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recovery of blood flow during the periods of hypotension, and also the marked 
—though temporary—rise above the resting level of flow which occurred on . 
returning the shed blood and restoring the blood pressure. Even in the case 
where there was no reflex response to lowering or raising the blood pressure 
(when the carotid arteries were clamped and left vagus nerve sectioned), 


return — 
liver blood flow. 
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Fig. 9. The effect on liver blood flow of occlusion (A) of the coeliac artery and (B) of the porta 
circulation. The ranges shown indicate the standard errors of the means observed in eight 
and six rats respectively. The rats were anaesthetized with ether. 


Coelic artery and portal vein ligation on liver blood flow 

Resting flow. In eight anaesthetized rats the coeliac axis was ligated. The 
results of these experiments are shown in Fig. 9A. Immediately after ligation 
of the coeliac axis the liver blood flow fell to a mean of 67% of the original 
level. This was followed by a slight but statistically significant recovery 
(P <0-05) to a mean of 82%, of the original flow within 8 min of the ligation. 
When the coeliac axis was clamped, similar changes occurred, but on removal 
of the clamp (Fig. 10 A) there was always a short-lived rise above the resting 
flow, followed by a decline to the original value. 

Portal vein contributions to liver blood flow were totally eliminated in acute 
experiments as described on p. 575. In some experiments the portal vein was 
clamped for short periods with the mesenteric circulation intact. Immediately 
after elimination of the portal blood supply to the liver, the blood flow fell to 
40% of the original level and then rose to 50% of the resting flow (Fig. 9B). 
On removing the clamp from the portal vein there was a rapid increase in liver 
blood flow which temporarily exceeded the resting flow (Fig. 10B). 
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Fig. 10. Restoration of the liver circulation following a short period of occlusion, 
(A) of the coeliac artery, (B) of the portal circulation. 
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Fig. 11. Mechanical elevations in blood pressure and liver blood flow. A, in rate before and after 
coeliac artery ligation; B, before and after exclusion of the portal circulation. Blood pressure 


was maintained at 90 mm Hg except where solid blocks above the line indicate 
blood pressure to 120 mm Hg. —- 
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The response to inoreased blood pressure. Fig. 11A shows that mechanical 
increments of blood pressure produced a rise in liver blood flow before and 
after ligation of the coeliac artery. This increase in liver blood flow was pre- 
vented, in other experiments, by administration of atropine sulphate or hcxa- 
methonium iodide. 

After elimination of the portal blood supply, mechanical increment in blood 
pressure still produced a rise in liver blood flow, although the response, 
expressed as k, was less marked than before owing to the reduced level of 
resting blood flow (see fig. 11 B). The liver blood-flow response to raised blood 
pressure was abolished in other experiments by administration of atropine 
sulphate or hexamethonium iodide. 

The response to adrenaline infusion. Initial experiments showed that after 
ligation of the coeliac artery, adrenaline infusions, which previously had 
increased liver blood flow, now had little or no effect or in some cases reduced 
liver blood flow (although the dilator response to increased blood pressure was 
unchanged, see Fig. 11). Out of seventeen adrenaline infusions (0-45-10 yg/ 
min) on eleven rats with coeliac arteries ligated, there was a fall in liver blood 
flow in seven and no change in ten. In two animals cannulae were inserted in 
the external jugular vein, liver recorders were implanted and the animals 
allowed to recover from the anaesthesia. Twenty-four hours later adrenaline 
infusions (3 .g/min) in the unanaesthetized animals raised the liverblood flow. 
The rats were then anaesthetized, and the coeliac arteries ligated. Twenty-four 
hours later, after satisfactory recovery from the operation, the intravenous 
adrenaline infusions were repeated. In both cases liver blood flow fell. 

In all the experiments so far described, the rates of infusion of adrenaline 
employed were always those which would produce a rise in liver blood flow _ 
before the administration of blocking agents or interference with the vascular — 
supply to the liver. Further experiments, in which several different doses of 
adrenaline were given, varying from 0-45 to 7-2 u.g/min, showed, however, that 
while the lower rates of infusion increased liver blood flow, rapid infusion of 
adrenaline produced a diminution in liver blood flow (Fig. 12). After ligation 
of the coeliac artery none of the doses of adrenaline now increased liver blood 
flow, and the diminution of liver blood flow at the higher rates of infusion was 
greater than observed before the coeliac artery was ligated. 

Fig. 13 shows liver blood-flow response to different rates of adrenaline 
infusion in a rat before and after elimination of the portal blood supply to the 
liver. When the circulation to the liver was intact, low rates of infusion pro- 
duced a rise in liver blood flow; with high rates the liver blood flow fell. After 
elimination of portal blood supply to the liver, all rates of infusion of adrenaline 
produced a rise in liver blood flow; the greatest increases were observed with 
the highest rates of infusion, i.e. those rates which had led to a fall in liver 
blood flow when the liver circulation was intact. 


4 
| 
q 
> 
b 
¢ 
‘ 


588 M. GINSBURG AND J. GRAYSON 


045 09 18 36 72 O45 09 18 36 72 
Adrenaline, g/min 


Fig. 12. The effect of intravenous infusions of adrenaline on liver blood flow, (A) before and 


(B) after ligation of the coeliac artery. @——-@, maximum change in conductivity incre- 
ment; ©- - -O, maximum rise in blood pressure. 
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Fig. 13. The effect of intravenous adrenaline infusions on liver blood flow. A, before elimination 
of the portal circulation; B, after ligation of the mesenteric arteries and clamping of the 
portal vein. ®—— @, maximum change in conductivity increment; ©- - -O, maximum rise 
in blood pressure. 
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Effect of intraportal injections of adrenaline 
Fig. 14 shows a typical experiment where 5yug of adrenaline was injected 
directly into the portal vein. There was an immediate, marked drop in liver 
blood flow followed by a slow recovery. 
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Fig. 14. The effect on liver blood flow of intraportal injection of adrenaline (5g). 
Anaesthetized rat. 
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Fig. 15. ‘ After-dilatation’ following intravenous adrenaline infusion (3-6 u.g/min). 
Anaesthetized rat. 
‘ After-dilatation’ following adrenaline infusion 

A phenomenon has frequently been observed which is not fully understood 
and is at present under investigation. It is reported here for completeness. 

Fig. 15 shows the results of an adrenaline infusion where the pressor effect 
was normal. The blood-flow effect, however, was slight. On stopping the 
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infusion there was a big increase in liver blood flow, although the blood pressure 
was returning rapidly to resting levels. This phenomenon was not observed in 
every experiment in which adrenaline was infused. It usually occurred when 
the increase in liver blood flow accompanying the adrenaline infusion was 
ight. 

ieee was never observed to follow mechanical increments in 
blood pressure, even in animals which had exhibited the phenomenon with 
respect to adrenaline. It was never observed after infusion of adrenaline in 
animals without either the arterial or the portal blood supplies to the liver. 


The effect of acetylcholine on liver blood flow 

The abolition by atropine of hepatic vasodilator responses to elevation of 
blood pressure suggests the existence of cholinergic effects on the liver blood 
vessels, It has been concluded in the past that there is no parasympathetic 
nervous control of the liver vasculature (Griffiths & Emery, 1930). Moreover, 
McMichael (1933) failed to demonstrate any direct effect of acetylcholine on 
liver volume. In view of the apparent discrepancy between these and the 
present results, the effects of acetylcholine itself were further investigated. 

Liver blood supply intact. The effects of continuous intravenous infusion of 
acetylcholine were investigated in rats anaesthetized with ether. Fig. 16 shows 
a typical result. It will be seen that the action of acetylcholine depended on 
the rate of administration. Infusion rates of 10ug/min caused a transient rise 
in the liver blood flow. Lower rates of infusion, however, caused slight falls in 
liver blood flow. After administration of hexamethonium iodide, infusion 
rates of acetylcholine which previously produced slight falls now raised the 
liver blood flow. Similar results were obtained in other experiments. Although 
it was not always possible to demonstrate increases in blood flow with infusions 
of acetylcholine before nerve block, following administration of hexa- 
methonium iodide, acetylcholine always produced significant increases in liver 
blood flow. 

A curious phenomenon, which although it may have no direct bearing on 
the problem of liver blood flow is worth noting, may be seen recorded in Fig. 16. 
During continuous infusion of acetylcholine in doses of 10g/min the plateau 
of blood-pressure depression was maintained. However, with smaller doses, 
although the immediate blood-pressure depression did not differ greatly when 
the rate of infusion was changed by a factor of two, the depression was not 
maintained. Thus, with doses of 1-25ug/min, after the immediate fall blood 
pressure returned almost to resting levels during the infusion. Similar results 
were obtained in other experiments. It is interesting to note that administra- 
tion of hexamethonium iodide did not prevent this blood-pressure recovery 
during the lower rates of acetylcholine infusion. 


After ligation of portal vein, The increase in liver blood flow described above 
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might have been the result of vasodilatation of the mesenteric vessels and 
increased portal inflow to the liver. Accordingly, further experiments were 
_ performed with the portal circulation excluded by ligation of the mesenteric 
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Fig. 16. Effect of intravenous infusion of acetylcholine at different rates on liver blood flow. 
Rat anaesthetized with ether. A, before administration of hexamethonium ; B, after admini- 
stration of hexamethonium (5 mg/kg i.v.). 


arteries and clamping of the portal vein. A typical result is shown in Fig. 17. 
It will be seen that acetylcholine infused intravenously at the rate of 5 pe/min 
into a rat with the portal circulation excluded, had little effect on liver 
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blood flow. However, after connecting a carotid artery to a blood-pressure 
compensator which prevented the blood-pressure fall during acetylcholine 
infusion, the same infusion rate produced a marked rise in liver blood flow. 
After administration of hexamethonium iodide, even without compensation of 
the blood pressure, 5g acetylcholine/min caused a significant rise in liver 
blood flow. On connecting the compensator, after administration of hexa- 
methonium iodide, acetylcholine in the same dose produced an even greater 
rise in liver blood flow. Similar results were obtained in all experiments. 

When the hepatic artery was the only source of blood supplying the liver 
and when the systemic blood pressure was prevented from changing, acetyl- 
choline thus increased liver blood flow. This suggests, therefore, that acetyl- 
choline has a direct vasodilator action in the liver of rats. 
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Fig. 17. Acetylcholine infusion (5yg/min). Effect of blood-pressure compensation on liver blood- 
flow response. Rat anaesthetized with ether; portal circulation to liver excluded. A, before 
hexamethonium ; B, after hexamethonium (5 mg/kg i.v.). B.P.c., blood p mp ti 


DISCUSSION 
Nervous factors in the control of resting hepatic blood flow 

Although there is much evidence to indicate that nervous factors may play 
a part in hepatic vascular reactions (Francois-Franc & Hallion, 1897; Griffiths 
& Emery, 1930; Grayson & Johnson, 1953) the present work suggests that the 
level of resting blood flow in the liver does not depend on neurogenic influences. 
Thus, in anaesthetized or conscious rats, pharmacological blocking agents in 
doses sufficient to block hepatic vascular reflexes, had no effect on resting 
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liver blood flow. Division of the hepatic nerves—shown to abolish reflex 
responses to changing blood pressure—did not alter resting flow nor did 
section of the depressor nerves in rabbits. Moreover, although anaesthetics 
lower the liver blood flow (Birnie & Grayson, 1952) the effect is not permanent 
and the hepatic blood flow levels at equilibrium in an anaesthetized rat are not 
greatly different from those in the same rat when conscious. 

One of the most striking features of the present work is the constancy of 
hepatic blood flow under a variety of conditions. Even where the only source 
of blood supply to the liver was the hepatic artery or portal vein, the blood 
flow (when stabilized after operation) showed a similar constancy. The liver 
was still able to react to nervous influences, yet the equilibrium levels of flow, 
either in the anaesthetized or the conscious animal, were not affected by any 
of the nerve-blocking drugs used or by nerve section. These observations 
suggest that nervous factors do not, in themselves, determine the level of 
resting blood flow in the liver of rats or rabbits. This does not necessarily mean 
that tonic vasomotor activity is absent in the liver. No direct evidence is 
available on this point. If tonic nervous activity is present, however, a further, 
overriding mechanism must be postulated, non-neurogenic in nature, which 
is the main determinant of resting liver blood flow. Indeed, later in the dis- 
cussion, evidence will be considered which strongly suggests the existence of 
intrinsic non-nervous, autoregulation of hepatic blood flow. 


The effect of raising the blood pressure on liver blood flow 

Elevation of the blood pressure in rats was shown to cause a transient 
increase in liver blood flow—confirming the observation made by Grayson & 
Johnson (1935) in rabbits. Bromage & Johnson (unpublished) have also made 
observations suggesting a similar reaction in the human subject. The experi- 
ments of Grayson & Johnson (1953) indicated that the increase in liver blood 
flow was not a passive consequence of increased perfusion pressure but that 
it was a nervous reflex vasodilatation, the main receptors being situated in the 
carotid sinus and the aortic arch. 

In the present experiments, transient increases in liver blood flow in response 
to elevation of arterial pressure could be demonstrated in rats where the only 
blood supply to the liver was through the hepatic artery and in rats where the 
only blood supply to the liver came from the portal vein. Even under these 
conditions the blood flow change could be abolished by hexamethonium iodide 
and by section of the hepatic nervous pathways. Thus the effect cannot be 
merely mechanical as suggested by Burton-Opitz (1912). Moreover, since the 
response does not depend on the portal circulation to the liver, it must be 
a truly intrahepatic event, i.e. there is a transient reflex dilatation of the liver 
vessels when the blood pressure is raised. As little or no resting vasomotor 
tone of nervous origin could be demonstrated in the liver, this response cannot 
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easily be explained on the basis of abolition of vasomotor tone and seems to 
indicate active vasodilatation in the liver. | 

Hepatic vasodilatation in response to raised blood pressure was abolished 
by atropine and hexamethonium, but not by dibenamine. It must, therefore, 
have been mediated through parasympathetic nerve endings. Furthermore, 
section of the right vagus nerve also abolished the effect. This might have been 
due to interruption of the main afferent path or to section of the main efferent 
path. However, with the right vagus nerve intact, clamping of the carotid 
arteries and section of the left vagus nerve abolished hepatic vasodilator 
responses to raised blood pressure. Removing the carotid clamps restored the 
vasodilator reflex. The right vagus nerve therefore carries, at the most, an 
unimportant proportion of the fibres concerned in the afferent limb of the 
dilator reflex arc. Since right vagus nerve section alone totally abolished the 
response it seems reasonable to conclude that, in the rat, it is the main efferent 
pathway of the dilator reflex. In the rabbit, where the depressor nerve is 
anatomically separate and can be distinguished from the right vagus nerve, it 
was found that section of the right depressor nerve had no influence on the 
response, whilst cutting of the main right vagus nerve trunk abolished it. In 
the rabbit the right vagus nerve must be considered as the principal efferent 
channel for the hepatic vasodilator response to elevated blood pressure. 

Removal of the coeliac plexus and the coeliac ganglion also abolished reflex 
hepatic vasodilatation. The pathway of the whole reflex has thus been 
demonstrated. The afferent receptors are the aortic arch and carotid sinus 
baroceptors (Grayson & Johnson, 1953). The afferent pathways are carried in 
the vagi, depressor nerves and carotid sinus nerves; The efferent fibres are 
carried mainly in the right vagus nerve and reach the liver through the coeliac 
plexus and hepatic nerves. The final effect is mediated through para- 
sympathetic nerve endings. 

These findings are hard to reconcile with the conclusions of Griffiths & 
Emery (1930) who failed to find evidence of parasympathetic nervous 
influence on the liver vasculature. These workers used changes in liver volume 
as the index of vasomotor activity. They showed that stimulation of either or 
both vagus nerves was without effect on the liver and that direct stimulation 
of the hepatic nerves caused liver contraction. They demonstrated ‘ vasodilator 
responses’ in the liver associated with peripheral nerve stimulation and 
claimed that these responses were not abolished by section of either vagus 
nerve. Hepatic vasodilatation they interpreted as being, in fact, inhibition 
of a pre-existing vasomotor tone. 

Our own evidence, however, implicating the parasympathetic nervous 
system and the right vagus nerve is quite clear, but it should be remembered 
that the measurements made in the present work are totally different to 
those of Griffiths & Emery (1930). Liver volume may well be closely related 
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to intrahepatic vascular events; whether it can be used as a simple indication 
of vasodilatation or vasoconstriction is more questionable in view of the 
complexity of the intrahepatic vascular arrangements. On the other hand, 
our own observations are themselves limited—they are local and cannot 
be interpreted as measurements of total liver blood flow. Moreover, the 
stimuli used to evoke hepatic vasodilatation were entirely different in our 
experiments. It may be argued that the hepatic vasodilatation of Griffiths & 
Emery (1930) was not the same phenomenon as that observed in the present 
work. 

The conclusions of Griffiths & Emery (1930) received some support from the _ 
work of McMichael (1933) who, using single injections, failed to demonstrate 
any direct action of acetylcholine on the liver volume. In our experience, too, 
single injections were usually without definite effect. In animals with the 
circulation to the liver intact, continuous infusions of acetylcholine were also 
variable in their effects. Doses greater than 10yg/min frequently increased 
liver blood flow despite large falls in systemic blood pressure. With smaller 
doses, although the blood pressure depressions were still great, the only effect 
was a tendency of liver blood flow to fall slightly. After administration of 
hexamethonium iodide, which has been shown to block reflex hepatic vaso- 
constriction to lowered blood pressure, acetylcholine, in doses previously 
indefinite in their effect, now produced considerable increases in liver blood flow. 

This increase in liver blood flow might not have been a direct effect of 
acetylcholine in the liver but may have been the result of vasodilatation else- 
where in the splanchnic vascular bed, with a consequent increase in portal 
flow. However, in experiments in which the portal circulation was excluded 
and the only blood supply remaining to the liver was the hepatic artery, it was 
found that when the arterial blood pressure was prevented from changing 
during infusion, acetylcholine invariably raised the liver blood flow. Similar 
results were obtained after administration of hexamethonium iodide. This 
indicates that acetylcholine has a direct dilator action on the liver blood 
vessels, 

The effect of lowering the blood pressure on liver blood flow 

The first description of the transient fall in liver blood flow which occurs 
when the blood pressure is lowered was given by Johnson (1953). Since this 
effect can be abolished by section of hepatic nerves, by drugs which block 
nervous transmission and by the elimination of baroceptor mechanisms, it is 
clearly a nervous reflex and not the passive result of reduced perfusion pressure. 
Johnson (1953) demonstrated the response in rats where the only circulation 
to the liver was either through the hepatic artery or the portal vein and that 
in these cases, the effect was abolished by hepatic nerve section and by ganglion 
blocking drugs. Thus this response to lowered blood pressure, like the response 
to raised blood pressure, does not depend on the integrity of the portal circula- 
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tion. In part, at least, it must be an intrahepatic phenomenon resulting from 
transient reflex vasoconstriction in the liver. 

The afferent receptors for the vasoconstrictor reflex appear, like those for 
the dilator reflex, to be situated in the carotid sinuses and the aortic arch, 
since the reflex cannot be demonstrated after clamping of the carotid arteries 
and section of the left vagus nerve. However, section of the right vagus nerve, 
the efferent pathway for the hepatic vasodilator reflex to raised blood pressure, 
did not affect the constrictor response to lowered blood pressure. On the other 
hand, denervation of the liver by removal of the coeliac ganglion and stripping 
of the coeliac plexus abolished the vasoconstrictor reflex. Administration of 
atropine had no effect on the hepatic vasoconstrictor response which was 
abolished by hexamethonium and dibenamine. 

It seems reasonable to suppose that the effect is mediated through adrenergic 
nerve endings, the effector nerves reaching the liver through the coeliac plexus 
and hepatic nerves. This conclusion is supported by the observation of 
Griffiths & Emery (1930) and Daniel & Pritchard (1951) who have shown that 
hepatic nerve stimulation produces vasoconstriction in the liver. 

Action of adrenaline on liver blood flow 

There has been a considerable diversity of opinion in the past regarding the 
action of adrenaline on liver blood flow. Thus, Burton-Opitz (1912) showed 
that although the direct action of adrenaline on the liver vessels was vaso- 
constrictor, on systemic administration an increase in blood flow occurred, 
due, he claimed, to the mechanical effect of the raised blood pressure. Bauer, 
Dale, Poulsson & Richards (1932) showed in the dog that although adrenaline 
constricted liver blood vessels, it relaxed hepatic sphincters and increased the 
outflow from the liver. Griffiths & Emery (1930) and Daniel & Pritchard (1951) 
claimed a fall in liver blood flow following administration of adrenaline. In 
man, Bearn, Billing & Sherlock (1951), using the bromsulphalein technique, 
showed that adrenaline infusions produced a rise in liver blood flow. Recently, 
Grayson & Johnson (1953) have shown that the rise in blood pressure produced 
by adrenaline infusion elicits reflex vasodilatation in the liver—as described 
above—in opposition to the direct constrictor action of adrenaline in the 
splanchnic vascular bed. In the doses used in those experiments, vasodilata- 
tion usually predominated and intravenous adrenaline caused an increase in 
hepatic blood flow. 

The present experiments permit further analysis of the action of adrenaline 
on liver blood flow. It has been shown that the net effect of adrenaline infusion 
in rats depends on the rate at which it is given. Thus, with moderate or low 
rates of adrenaline infusion liver blood flow rose; with high rates of infusion 
(3-6 4g/min or more) liver blood flow frequently fell. This fall was at first 
attributed to a predominant local effect of adrenaline on the liver blood vessels 
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(which has been confirmed as constrictor). However, in experiments where the 
blood supply to the liver through the portal vein was excluded, adrenaline never 
produced a fall in liver flow; indeed, in these experiments where the only 
source of blood supply to the liver was the coeliac artery, the higher the rate 
of adrenaline infusion the greater was the blood flow increase. It is concluded 
that the local hepatic vasoconstrictor effect of adrenaline is not in itself 
sufficient to cause a fall in liver blood flow in the presence of a vasodilator 
reflex. In animals with the coeliac axis tied, however, all doses of adrenaline 
caused a fall in liver blood flow, the extent of the fall being greater with the 
higher doses. The fall in liver blood flow produced by high rates of adrenaline 
infusion in the intact animal must, therefore, be regarded as largely due to 
vasoconstriction in the splanchnic vascular bed with a resultant reduced inflow 
into the portal vein. 

There are thus several factors which may affect the action of adrenaline on 
liver blood flow. There is the combined effect of the vasodilator reflex and the 
mechanical effect of the increased blood pressure which results from the 
adrenaline infusion; there is the direct vasoconstrictor effect on the liver 
vessels and there is the reduced inflow into the portal vein arising from 
splanchnic vasoconstriction. This complexity of factors may explain previous 
confusion regarding the action of adrenaline on liver blood flow. 


Contributions of the hepatic artery and portal vein 

In the present investigation, experiments were carried out which involved 
blood-flow observations before and after ligation of the coeliac axis or portal 
vein. It was found typically that after ligation of either vessel, blood flow in 
the liver was initially greatly reduced and then rose slowly to equilibrium— 
which, of course, was still below the flow level before ligation. Burton-Opitz 
(1911) similarly found that clamping the portal vein was followed by an 
increased flow on the hepatic artery. 

It is not immediately clear whether the lowest level recorded after ligation 
represents the true contribution of the remaining vessel, or whether the final 
equilibrium is more truly representative of the normal contribution of the 
vessel not ligated. It may, however, be significant that mean liver blood flows 
recorded shortly after coeliac artery and portal vein ligations were 67 and 40% 
respectively of the mean liver blood flow before ligation. After reaching 
equilibrium, the mean flows following coeliac artery and portal vein ligation 
had risen to 82 and 50%, respectively—a total of 132%. Coeliac artery liga- 
tion must reduce inflow into the portal vein by exclusion of duodenal and 
gastric arteries, consequently ligation of the hepatic artery might be expected 
to reduce liver blood flow to an even lesser extent—giving an equilibrium flow 
probably higher than 82%. It is clear that the percentages of the original flow 
which were recorded at equilibrium cannot possibly represent the percentage 
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contributions of portal vein and hepatic artery to liver with circulation intact. 
It seems probable that the percentages recorded immediately after ligation 
give a better picture of the true balance between artery and vein. 

It is not implied that there is a fixed ratio between the portal vein and 
hepatic artery contributions to liver blood flow. Nevertheless, the mean figures 
obtained immediately after ligation of the portal vein suggest a hepatic artery 
contribution to total liver blood flow of rather less than 40%. 

Other workers have estimated hepatic arterial contributions to total liver 
blood flow. Thus, Burton-Opitz (1911) and Barcroft & Shore (1912) found 
mean hepatic arterial contributions to total liver blood flow of 30 and 34% 
in the dog and cat respectively. More recent work, using the thermostromuhr, 
has usually given lower figures for the hepatic arterial contribution. Grabb, 
Janssen & Rein (1929) gave mean values of 19-5%, a figure supported by 
Blalock & Mason (1936) who found mean values of 19%. Grindlay, Herrick 
& Mann (1941), using similar methods, also report low hepatic arterial con- 
tributions, giving mean values of 14-3%. The present experiments apply only 
indirectly to this problem and should be interpreted with caution. Neverthe- 

~ Jess, the findings seem to be in better agreement with the published figures 
of the earlier workers, rather than the findings based on the use of the 


thermostromuhr. 
Intrinsic regulation of liver blood flow 

Extrinsic nervous factors have been shown to be relatively unimportant 
in the maintenance of intrahepatic vascular tone. Nevertheless, many of the 
present observations have led to consideration of the possibility of an intrinsic 
non-nervous control of liver blood flow. 

In experiments where the blood pressure was raised, either mechanically or 
by intravenous infusion of adrenaline, reflex vasodilatation in the liver was 
short-lived, blood flow rapidly returning to its original level in the face of 
maintained blood-pressure elevation. Reflex vasoconstriction during hypo- 
tension was equally short-lived. These brief responses may have been the 
result of adaptation at the receptors, central reflex fatigue or to some local 
factor in the liver. Bronk & Stella (1935) have shown, however, that the 
baroceptor mechanism does not easily undergo fatigue or adaptation. Grayson 
(1949) has shown, moreover, that reflex vasodilatation or vasoconstriction in 
other parts of the splanchnic area produced by blood-pressure changes, con- 
tinue throughout the period of hyper- or hypotension. It seemed possible, 
therefore, that the return to resting levels during periods of hyper- or hypo- 
tension was the result solely of intrahepatic mechanisms. 

Further observations which may conform with this hypothesis were made 
in animals where hepatic vascular reflexes were prevented by nerve section or 
blocking agents. In such animals, Johnson (1953) has shown that portal 
pressure is linearly related to systemic blood pressure. Despite considerable 
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changes in blood pressure and, therefore, of liver perfusion pressure, not only 
were reflexes prevented, but there was little or no indication even of passive 
change in liver blood flow. This constancy of flow in the face of changing per- 
fusion pressure could only result from changes in hepatic resistance to blood 
flow, which, it is suggested, are brought about by an intrinsic, non-neurogenic 
mechanism; thus a rise in perfusion pressure brings about intrahepatic vaso- 
constriction, @ fall in perfusion pressure, intraheptic vasodilatation. Further 
support was given to this view on observing the effects of rapid restoration of 
blood pressure following a period of hypotension in rats subjected to nerve 
block or nerve section. In most cases there was a marked, though transient, 
increase in liver blood flow. This increase could not have been neurogenic and 
it seems probable that it, too, was the result of a compensatory fall in hepatic 
resistance during the preceding period of hypotension. Thus a sudden restora- 
tion of perfusion pressure after a period of depression might be expected to 
produce a high blood flow through the dilated liver blood vessels. 

The same intrinsic non-neurogenic mechanism may well be the cause of the 
slight recovery in the liver blood flow which followed the immediate fall pro- 
duced by exclusion of the portal or arterial circulations to the liver. It is - 
interesting to observe, in experiments where the coeliac artery or the portal 
vein were occluded by clamps, that liver blood flow rose considerably above 
resting levels when the clamps were removed. This may have been the result 
of a sudden ingress of blood to a vascular bed, dilated during the period of 
occlusion by the same compensatory mechanism. 

The experiments reported thus far do not provide unequivocal evidence of 
intrinsic regulation of hepatic blood flow. Recently, however, Johnson (1953) 
has obtained more direct evidence of such a mechanism. He has shown that 
on lowering the blood pressure over the range 140 to 80 mm Hg in rats, the 
blood flow after the phase of transient vasoconstriction returned practically 
to the original level. He has shown, moreover, a sharp decline in portal 
pressure during the same period. His experiments directly confirm that, 
despite considerable changes in perfusion pressure in the intact and nerve- 
blocked animal, liver blood flow remains remarkably constant. On lowering 
the systemic blood pressure below 80 mm Hg, however, this is no longer true 
and the blood flow declines rapidly. Over normal ranges of blood pressure his 
experiments must be regarded as providing direct confirmation of the existence 
of an intrinsic, non-neurogenic mechanism for the regulation of liver blood flow. 

Similar suggestions have been made with respect to other organs. Smith 
(1951) and Shipley & Study (1951) have produced evidence for autoregulation 
in the kidney, whereby even in the presence of considerable changes in 
systemic blood pressure, blood flow to the kidney is kept relatively constant. 
Folkow (1953) has recently presented evidence for the existence of a similar 
intrinsic control of tone in the blood vessels of skeletal muscle. 
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It seems possible that in many organs, intrinsic factors are of great importance 
in the regulation of vascular tone and of blood flow. It is suggested that, in 
the liver, autoregulation may prove to be of more significance than any other 
single factor. Nervous influences have been shown to be transient and un- 
important in determining the equilibrium levels of blood flow. There is no 
evidence to suggest that humoral factors such as circulating adrenaline are of 
greater importance. The resting level of blood flow appears to be determined 
by some demand arising within the liver itself so that whenever intrinsic 
factors, mechanical or nervous, begin to effect changes in liver blood flow, the 
intrinsic mechanism by its local effect on vascular resistance acts towards the 
restoration of optimum blood flow. 


SUMMARY 


1. Liver blood flow was measured by ‘internal calorimetry’ in conscious and 
anaesthetized rats. 

2. Removal of the coeliac ganglion, administration of hexamethonium 
iodide, tetraethylammonium bromide, dibenamine hydrochloride or atropine 
sulphate had no effect on resting liver flow. It is concluded that nervous 
factors do not in themselves determine the: resting level of hepatic blood 
flow. 

3. Blood-pressure elevation increased liver blood flow—largely due to reflex 
hepatic vasodilatation. Reflex vasodilatation was not observed when the 
carotid arteries were clamped and the left vagus nerve divided, when the right 
vagus nerve alone was divided, after coeliac neurectomy, or after administra- 
tion of atropine or hexamethonium (reflex vasodilatation was not affected by 
dibenamine). This suggests that the receptors are in the aortic arch and carotid 
sinuses, and that the efferent pathway is in the right vagus nerve, coeliac 
plexus and hepatic nerves, terminating i in parasympathetic cholinergic nerve 
endings in the liver. 

4. Blood-pressure reduction decreased blood flow—largely through reflex 
hepatic vasoconstriction. Reflex vasoconstriction was not observed when the 
carotid arteries were clamped and the left vagus divided, after coeliac 
neurectomy, or after administration of hexamethonium or dibenamine (it was 
not affected by right vagus section or atropine). This suggests that the 
receptors are in the aortic arch and carotid sinuses and that the efferent fibres 
pass through the coeliac plexus and hepatic nerves, terminating in sympathetic 
adrenergic nerve endings. 

5. The effect of intravenous adrenaline infusion on liver blood flow varied 
with the infusion rate. Between 0-45 and 3-6 ug/min liver blood flow rose 
transiently; during more rapid infusions liver blood flow was reduced. 

6. After elimination of the portal hepatic circulation all adrenaline infusion 
rates employed increased blood flow. Greatest increases were observed with 
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the more rapid infusions. After coeliac axis ligation all infusion rates decreased 
blood flow. 

7. Intraportal injection of adrenaline reduced liver blood flow. 

8. It was concluded that two main factors affect the action of intravenous 
adrenaline on liver blood flow, namely transient reflex vasodilatation from 
the rise in blood pressure, and reduction of portal inflow from the direct vaso- 
constrictor action of adrenaline elsewhere in the splanchnic area. With low 
rates of infusion reflex vasodilatation predominates, with high rates direct 
splanchnic vasoconstriction predominates. The local vasoconstrictor action 
of adrenaline in the liver and mechanical effects are probably less important. 

9. High infusion rates of acetylcholine (10yug/min or more) frequently 
caused blood flow to rise. With lower rates the effects were slight and variable. — 
After hexamethonium, infusion rates less than 10 g/min caused liver flow to 
rise. With the portal circulation eliminated and blood pressure prevented from 
changing, acetylcholine always increased liver flow. 

10. It is concluded that acetylcholine has a direct vasodilator action in the 
liver which is opposed, during continuous infusions, by the reflex vasocon- 
strictor and the mechanical effects of lowered blood pressure. 

11. Evidence is presented suggesting the existence of a non-neurogenic 
mechanism in the liver such that whenever extrinsic factors, mechanical or 
nervous, begin to effect changes in blood flow, the intrinsic mechanism by its 
local effect tends to restore resting levels of flow. 


The authors wish to express their gratitude to Mr C. J. Wilks and Mr R. Gamlin for their valu- 
able technical assistance. The work was aided by a grant from the Medical Research Council. 
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THE MODE OF ACTION OF FOLIC ACID ANTAGONISTS 
ON CELLS 


By W. JACOBSON* 
From the Strangeways Research Laboratory, Cambridge 
: (Received 15 October 1953) 


The usefulness of folic acid antagonists in the treatment of acute leukaemia 
and allied conditions was established by Farber, Diamond, Mercer, Sylvester 
& Wolff (1948) and Farber (1949); many papers have followed their original 
observation; the work has recently been summarized by Farber (1952). 

The fact that in some cases of acute leukaemia the pathologically immature 
white cells are attacked by this group of antagonists indicates that either folic 
acid or one of its derivatives may be essential for the life of these cells. The 
results so far reported have shown that folic acid is required by many tissues 
for their maintenance and growth. The most recent review is by Bessey, Lowe 
& Salomon (1953). 

Very little is known, however, about the cellular processes which directly 
depend on the normal functioning of folic acid and its derivatives and which 
are blocked by the action of folic acid antagonists, though many indirect 
metabolic effects have been noted. 

In this and a subsequent paper, experiments will be reported to show that 
one of the principal modes of action of folic acid antagonists is to interfere 
with the function of the Leuconostoc citrovorum factor (LCF) in the growth of 
both normal and pathological cells. Evidence will be presented to show that 
LCF, a member of the folinic acid group of compounds, plays an essential part 
during mitotic division and that, without this factor, cells which have entered 
mitosis are unable to advance beyond the metaphase stage. Short accounts 
of part of this work have been published elsewhere (Jacobson, 1950, 1951, 
1952, 1953; Jacobson & Webb, 1950, 1952). 

There is an extensive literature on folic acid, pterines and folic acid anta- 
gonists. That concerning folic acid itself up to the beginning of 1947 has been 
summarized by Jukes & Stockstad (1948) and by Berry & Spies (1946); much 


information has also been published in the symposium on folic acid of the 


New York Academy of Science (SubbaRow, 1947), where the synthesis of 
folie acid (pteroylglutamic acid) by SubbaRow and his team is described. The 
* Sir Halley Stewart Research Fellow. 
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chemistry of the pterines has been reviewed up to 1947 by Marshall Gates 
(1947), and more recently by Albert (1951, 1952). The work on folic acid 
antagonists has been comprehensively reviewed by Petering (1952) and in 
symposia edited by Woolley (1950) and by Farber (1952). 


COOH 
CH, 
H.N.c% CH, ‘Folic acid 
6 
NS 4 CH,.NH- O.NH.CH 
OH 
COOH 
CH, citrovorum 
C.CH,.NH -CO.NH.CH factor 
H COOH 
OH CHO 
COOH 
CH, 
NH: O.NH.CH 
COOH 
NH) 
COOH 
Nw -CO.NH.CH 
NH) 
Text-fig. 1. In all formulae the pteridine ring is on the left, the p-amino-benzoyl- 
glutamic acid moiety towards the right. 


Among the first antagonists prepared in 1947 and 1948 were aminopterin 
and A-methopterin (Seeger, Cosulich, Smith & Hultquist, 1949). The most 
effective antagonists used so far are those in which the OH-group in the 
4-position of the pteridine ring is replaced by an amino-group. Aminopterin, 
the most powerful antagonist, is 4 : amino-pteroyl glutamic acid and A-metho- 
pterin, the pein of which is about one-fifth to one-tenth of that of amino- 
pterin, 1s 4: amino, 10: methyl-pteroyl glutamic acid. The experiments 
described below were made with these (see Text-fig. 1). 
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MATERIAL AND METHOD 


Bone marrow. Smears and sections of bone marrow from transplantable acute mouse leukaemia 
before and after treatment with folic acid antagonists were studied. The smears were stained with 
May-Grunwald and Giemsa stain. In the ordinary air-dried smears it was noted that the chromo- 
somes in all stages of division were swollen and stained somewhat diffusely. When, however, the 
smears were placed in absolute methanol just before they were quite dry and stained in the ordinary 
way, the chromosomes were well preserved and stained differentially, as will be described later. 
It is essential that the smears should not be completely dried as apparently the chromosomes 
swell during the last stage of desiccation. Sections also were stained by the same method after 
fixation in Zenker-formol or methanol. 

Intestine. As folic acid antagonists may cause diarrhoea and lesions in the intestinal mucous 
membrane in man, this tissue was studied in the mouse; formol-saline or absolute methanol was 
used as a fixative, the latter on small pieces to fix the cytoplasmic ribo-nucleoproteins. 

Tissue cultures. Since it was found that one of the main effects of the antagonists was on cell 
division, cultures of various tissues from chick embryos were grown in vitro, as very abundant 
mitoses appear in such material after 24-48 hr incubation. Over 450 cultures were used, mainly 
derived from the frontal bone, heart or sclerotic of 12-day-old chick embryos. A few cultures of 
skin, liver, spleen and spinal cord of chick embryos were also made, and of adult mouse bone 
marrow, leukaemic cells of an acute transplantable mouse leukaemia of an FAK, strain and of 
a transplantable mouse sarcoma. All cultures were grown in a hanging drop of a mixture of equal 
parts fowl plasma and chick embryo extract (of 12-day-old embryos). Approximately 0-01 ml. both 
of plasma and embryo extract provided the medium which was placed on j in. square cover-slips. 
The cultures were incubated at 37° C. As by far the most frequent mitoses occurred in the 24- 
to 48-hr-old cultures derived from frontal bone, heart and the sclerotic, and as the same general 
effects of folic acid antagonists were observed on dividing cells of all the tissues examined, the 
detailed analysis of the effects was made on osteoblasts and fibroblasts. 

Only in a few experiments was the test substance added to the medium from the beginning of 
the incubation. Generally a small drop, 0-01-0-02 ml., of the test substance was placed on the 
area of the explant in the plasma clot of 24 or preferably 48 hr cultures, which contained, usually, 
a very high number of cells in division. The following precautions had to be taken, especially in the 
short-term experiments lasting from 15 min to 2 hr. 

(1) The test substance had to be placed accurately on the area of the explant. 

(2) Undue cooling of the cultures had to be prevented as chilling to room temperature delayed 
cells entering into the prophase and prolonged the duration of metaphase. The slides carrying the 
cultures were held by their edges only and were not placed on the bench. The seal of soft wax round 
the cover-slip was broken on three sides, the cover-slip prised up, the droplet of test fluid deposited 
on the tissue and the cover-slip placed again in its correct position. The wax around the edges of 
the cover-slip was pressed down and the slide was put back into the incubator. If this work is 
being done in front of the incubator door, a slide carrying # culture is exposed to room temperature 
for less than 30 sec, and this has no or very little effect on the cells. Sometimes, particularly in 
large-scale experiments, prophases were slightly fewer in control cultures, treated with saline or 
serum only without any inhibitor, when compared with the untreated controls which had been — 
fixed immediately on being taken out of the incubator. 

Test solutions were dissolved either in Tyrode or in a mixture of equal parts of serum and 
Tyrode. The concentrations of the test substances given throughout this work refer to the 
concentrations in the test solution. As the drop of the test solution placed on the cultures was 
of the same order of volume as the medium in which the cells were growing, it is probable that 
the cells were actually exposed to a concentration of the test substance lower than that in the drop 
placed on the explant. 

The cultures were fixed in absolute methanol for at least 5 min. (They can be kept in this 
fixative for 1 or 2 days if required.) The cultures were stained with undiluted May-Grunwald 
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solution for 10 min, followed by Giemsa diluted 1 : 15 with glass-distilled water for 20 min and 
were then washed for 1-5 sec in glass-distilled water, dehydrated rapidly in two changes of acetone 
followed by acetone-xylol in equal parts, and cleared in xylol. This technique, which has been 
described in detail elsewhere (Jacobson & Webb, 19525), gave an excellent differential stain for 
the nucleoproteins in dividing cells, ribonucleoproteins appearing dark blue and deoxyribo- 
nucleoproteins being stained red-purple. 


RESULTS 
The effect of folic acid antagonists on bone marrow from acute human 
and mouse leukaemia 

Mitoses are infrequent in smears of human bone marrow (usually less than 
1%), so that 16,000 nucleated cells had to be counted in order to classify the 
dividing cells among them into the four stages: pro-, meta-, ana-, and telo- 
phase. During prophase the chromosomal threads are still surrounded by the 
nuclear membrane and the nucleolus is still visible, but in metaphase (PI. 1, 
fig. 2), the chromosomes are gathered in a central region in the cytoplasm, and 
the nuclear membrane and the nucleolus have disappeared, During anaphase, 
the two sets of chromosomes for the two daughter cells move apart but the 
cytoplasm is not yet divided; in telophase the cytoplasm for the two daughter 
cells is either nearly or completely separated, and the two resting nuclei are 
in the process of reconstruction. 

The interference by folic acid antagonists with the normal completion of 
cell division was shown in the bone marrow in cases of acute human and mouse 
leukaemia. Thus, in a case of acute human leukaemia, the percentage distribu- 
tion of the four mitotic phases before and 24 hr after the injection of 5 mg 
A-methopterin indicated that the leukaemic cells entered mitoses at an approxi- 
mately normal rate but were arrested in metaphase, only a few proceeding to 


ana- and telophase. The results are shown in Text-fig. 2 (16,000 cells counted 
for each bone marrow). 


Twelve similar observations were recorded. 


In an acute mouse leukaemia a relatively much higher dose of folic acid 
antagonist could be employed (1 mg aminopterin) and the bone marrow was 
examined 2 hr after its subcutaneous injection (Pl. 1, fig. 1). Thus a greater 
effect could be produced. The percentage distribution of mitotic phases in the 
bone marrow of leukaemic mice before and 2 hr after the subcutaneous 
injection of 1 mg aminopterin is shown in Text-fig. 3. The two graphs are 
based on 16,000 leukaemic cells from two untreated animals and on the same 
number of cells from two treated mice. 

From these observations it was concluded that folic acid antagonists inter- 
fere with the processes which lead from the metaphase to the anaphase stage 
of division in the leukaemic cells. The question arose whether this inhibition 
applied generally to dividing cells in normal tissues, and experiments were 
made to determine this point. ; 
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before and 24 ewer (—) A P, prophase; M, metaphase; 
A, anaphase; 7’, telophase. 
Text-fig. 3. Percentage distribution of mitotic phases in the bone marrow of leukaemic mice 
before (~~ -) and 2 hr after (——) the injection of 1 mg aminopterin. (Abbreviations as in 
Text-fig. 2.) 


The effect of folic acid antagonists on the intestinal epithelwum of the mouse 

The intestinal epithelium with its numerous mitoses in the glands of 
Lieberkiihn, was very favourable material for studying the effects of folic acid 
antagonists on cell division. There were already indications that these agents 
affected the intestine, as occasionally during treatment, diarrhoea and specific 
lesions had been observed. When aminopterin in a dosage of 0-2 mg was 
injected subcutaneously into mice it was found that the mitoses in the glands 
of the small intestine were severely affected within 2 hr. Pathological forms 
such as tightly clumped chromosomes in metaphase were common (PI. 1, 
figs. 4, 5). A normal metaphase is shown on PI. 1, fig. 3. After 3 days the 
effect of the failure to replace epithelial cells showed itself in the glands where 
there were fewer cells per unit area of the epithelial lining. In some glands in 
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which the lumina were greatly distended the remaining cells were thinned out 
to an extraordinary degree, giving the impression of a very thin squamous 
epithelium instead of the regular columnar lining. Other glands with less 
distended lumina were lined by cells with abnormally large nuclei and an 
increased amount of cytoplasm; they were still connected with the surface 
epithelium by a thin strand of epithelial cells, but it was impossible to find 
such connexions in some of the cystically dilated glands (PI. 1, fig. 7), where 
it may be assumed that not enough cells were available to provide continuity 
with the surface. 

Aminopterin also produced a striking effect on the epithelium of the villi; 
the latter were much contracted and were covered by very large, vacuolated 
cubical cells instead of the tall prismatic type normally present. About ten 
to twenty of these large cells were sufficient to cover a villus in longitudinal 
section (Pl. 1, fig. 7), while normally about 100 or more cells were required 
(Pl. 1, fig. 6). Such changes had already appeared 3 days after a single dose 
of aminopterin, and some of the enlarged epithelial cells were degenerating and 
being shed. During the next few days patches of this epithelium often broke 
down completely so that the mucous membrane became denuded of its pro- 
tective layer. This in turn resulted in bacterial invasion and led to diarrhoea 
and septicaemia from which death resulted. This was found to be the im- 
mediate cause of the animals’ death. 

These observations were particularly interesting, because in patients treated 
with folic acid antagonists, diarrhoea may occur and post-mortem findings 
in such cases reveal very similar changes in the glandular epithelium of the 
intestinal mucous membrane. 


Observations on the effect of folic acid antagonists on cells grown in vitro 
The effect of short exposures 

Fibroblasts from the heart or sclerotic and osteoblasts from the frontal 
bones of 12-day chick embryos, when grown in vitro for 24-48 hr, were found 
to be the most suitable types of tissue culture for these experiments, owing to 
the ease with which they could be produced and the very large number of 
dividing cells which they contained. The results described below, however, 
apply to all the cell types examined, whether epithelial or mesenchymatous, 
normal or malignant. 

As in the following experiments a small drop of the test solutions was placed 
on the explants it was necessary to determine (1) whether the dissolving 
medium alone would have an effect on the mitotic phases, and (2) whether the 
ma the cells growing in vitro altered in any way the distribution of these 
P 


(1) Hither Tyrode or  mixtare of equal parts serum end Tyrode was used 
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as the dissolving medium for the test substances throughout this investigation. 
Table 1 shows that there is no significant difference in the distribution of 
mitotic phases of untreated cultures and those treated for 15 min on either 
Tyrode or a mixture of serum and Tyrode. 


Taste 1. The percentage of mitotic phases in tissue cultures untreated, 


+serum 
Untreated Tyrode parts 
Prophase 17 15 15 
Meta 38 37 
Anap 21 23% 23 
Telo 24 24% 25 
No. of mitoses 621 314 
No. of cultures 5 5 4 


(2) Nine control cultures maintained through a second passage of 48 hr gave 
the following percentage distribution for the four mitotic phases: 18, 38, 24 
and 20 among 3159 cells in division. It was therefore assumed that con- 
siderable deviations from these figures could not have been caused by the 
experimental procedure as such, and that the percentage distribution of 
mitotic phases remained substantially unaltered during the period of growth. 
These assumptions were fully borne out in the course of the investigation, as 
mitotic counts showed that in forty consecutive experiments the control 
cultures treated with the dissolving medium alone had consistently the same 
pattern of distribution of mitotic phases. 

When a solution of 1 : 2000 aminopterin was applied to actively growing 
tissue cultures, within 15 min profound changes occurred in the distribution 
of the mitotic stages. There was a marked accumulation of cells in metaphase, 
and anaphases were either absent or extremely rare. The chromosomes in 
metaphase were arranged in a small, tight cluster (PI. 1, fig. 8) instead of in the 
normal metaphase plate (Pl. 1, fig. 9). The percentage values in a typical 
experiment for the four stages of cell division in the control cultures (14 with 
2363 mitoses) and in those treated with aminopterin 1 : 2000 for 15 min 
(10 cultures with 961 mitoses) are given in text-fig. 4. 

In the course of the present and subsequent investigation this experiment 
has been repeated on thirty separate occasions as the standard of aminopterin 
inhibition, with consistent results. This observation indicated that the folic 
acid antagonist does not prevent resting cells from entering division, though 
the prophase stage may sometimes be prolonged; the cells pass into the meta- 
phase stage but here the changes are arrested, and do not proceed to anaphase. 
As no cells were found in anaphase, however, it appears that those already in 
anaphase at the beginning of treatment were not prevented from entering 


telophase. An anaphase in a normal culture is shown on PI. 1, fig. 10. 


By the May-Grunwald and Giemsa method of staining it is possible to _— 
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guish deoxyribonucleoprotein, which appears purple-red, from the ribonucleo- 
protein, which stains blue. The initial stage of cell division, the prophase, 
proceeded normally when it was exposed to aminopterin ; in early prophase the 
chromosomes could be seen as fine purple-red threads. They gradually thickened, 
and small areas appeared on them which carried blue-stained ribonucleo- 
protein in addition to the deoxyribonucleoprotein. Towards the end of pro- 
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Text-fig. 4. Percentage distribution of mitotic phases among chick embryo osteoblasts, growing 
in vitro, Untreated (---) and 15 min after treatment (——) with aminopterin | : 2000. 
(Abbreviations as in Text-fig. 2.) 


phase the chromosomes contained both types of nucleoprotein throughout 
their length, and thus appeared nearly black. The nuclear membrane and the 
nucleolus disappeared. Up to this point no deviation from the normal sequence 
(Jacobson & Webb, 1952a, b) could be found in the treated cells. The first 
abnormality became apparent in metaphase when the chromosomes were 
lying in the cytoplasm; they aggregated in a tight cluster and failed to split, 
so that no anaphase occurred. Those cells, however, which were found in 
telophase contained normal-looking daughter nuclei, which re-formed a nuclear 
membrane and nucleoli (Pl. 1, fig. 8); the chromosomes within the telophase 
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nuclei have lost most, but not yet all, of the ribonucleoprotein and therefore 
appeared purple-red over most of their length. The normal processes within 
the telophase nuclei do not seem to be affected by the antagonist, though 
sometimes it was noted that the cytoplasm failed to divide. In this way 
binucleated cells were occasionally formed. 

If the solution of 1 : 2000 aminopterin was allowed to act on the cells for 
a longer period, after 2 hr a few cells might pass through anaphase and telo- 
phase, though there was still a great increase in number of cells in metaphase, 
nearly all of which showed the characteristic tight cluster of chromosomes. 

When weaker solutions of aminopterin were used the same effect was 
observed, though a few cells were found in anaphase (Table 2). 


TaB_e 2. Effect of aminopterin | : 5000 and 1 : 10,000 on mitotic phases 


15 min after 
Controls 1; 5000 1: 10,000 
16 15 15% 
pres. wary 38 70 64° 
22% % 3 
Telophase 24% 12% 18% 
No. of mitoses 1205 976 
No. of cultures 10 5 3 
Aminopterin 1 : 20,000 
Controls 15 min after 
Prophase 15 16% 
Meta 36% 62 
Anap 22% 6 
Telo 27% 16% 
No. of mitoses 857 1206 
No. of cultures 4 4 


Even in a dilution of 1 : 20,000 it is clear that the main effect of aminopterin 
was to arrest mitosis at metaphase, though not all cells concerned showed 
complete clumping of the chromosomes. Only few cells proceeded into anaphase 
and completed division. 

Finally, when a solution of 1 : 40,000 aminopterin was applied to cultures 
of osteoblasts for 30 min and 1 hr respectively the results still indicated some 
characteristic inhibition, but not all metaphases presented the typical picture 
of clumped chromosomes and a number of anaphases proceeded normally 
(Table 3). | 

Solutions of aminopterin of 1 : 50,000 and less caused no significant inhibi- 
tion in these experiments. It should be remembered that the volume of the 
test solution placed on the cultures was always kept between 0-01 and 0-02 ml., 
and the volume of the medium through which the inhibitor diffused was of the 
same range, Thus the concentration of aminopterin in actual contact with the 
cells would be considerably lower than in the test solution placed on the explant. 
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Tasz 3. Effect of aminopterin 1 : 40,000 on mitotic phases 


Controls 30 min after 1 hr after 
14 17 13% 
Meta 40 49 51 
Anap 26 14 9 
Telo 20 20 27 
No. of mitoses 
No. of cultures 4 4 4 


The effect of prolonged exposure to aminopterin 1 : 2000. 


In view of the striking effect obtained in the short-term experiments on 
dividing cells in vitro, it was rather surprising to find that cultures grown in 
a medium containing aminopterin in a concentration 1 : 2000 showed a nearly 
normal distribution of the mitotic phases after 24 and even 72 hr, and their 
zone of outgrowth was almost indistinguishable from that of the controls 
(Text-fig. 5). This showed that the effect of even high concentrations :of 
aminopterin gradually ‘wears off’. 
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Text-fig. 5. Percentage distribution of mitotic phases among chick embryo osteoblasts growing 
in vitro. Untreated controls (~-—-) and after exposure to aminopterin for 24 hr (——). The 
control graph was obtained from ten untreated cultures with 3159 mitoses; the aminopterin 
graph from six cultures with 810 mitoses. (Abbreviations as in text-fig. 2.) 


Somewhat similar results were obtained with another folic acid antagonist, 
A-methopterin. This compound had been found by Farber (1952) to be as 
effective as aminopterin in the treatment of acute leukaemias, provided larger 
amounts were given; thus a daily dose of about 5 mg of A-methopterin was 
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required to produce the same effect in the patient as 1 mg aminopterin per 
day. Similarly, to cause the same degree of mitotic inhibition in tissue cultures, 
the dose of A-methopterin had to be five times as great as that of amino- 
pterin. For instance, A-methopterin 1 : 400 arrested mitoses in metaphase 
within 1 hr; a few cells proceeded into anaphase and telophase. In one 
experiment 60%, of all dividing cells were found in metaphase, whereas this 
figure for the control cultures was 38%, and the metaphase chromosomes 
showed the characteristic clumping. In short-term experiments, therefore, 
the action of A-methopterin was similar to that of the more powerful folic 
acid antagonist. Like aminopterin, A-methopterin (1 : 400) failed to retain 
its full inhibitory action after 24 hr contact with the tissue (Table 4). The 
impression was gained that the number of metaphases with clumped chromo- 
somes was somewhat higher than in similar cultures treated with aminopterin. 


Tas. 4. Effect of A-methopterin 1 : 400 for 24 hours on dividing cells 


Controls Treated 

18% 20 
Meta 36 ae 
Anap 23 17 
Telophase 23% 17 
No. of mitoses 1674 
No. of cultures 9 17 

DISCUSSION 


Folic acid antagonists are known to interfere with the development of chick 
embryos, the growth of young chicks and mammals, and with the normal 
function of bone marrow in birds and mammals. They prevent proliferation 
being induced by oestrogens or testosterone in organs of amphibia and birds 
and have some growth-restricting effects on certain tumours and leukaemic 
cells in mammals and man. They also inhibit the growth of some insect larvae 
and bacteria. This subject has been summarized by Petering (1952) and 
Woolley (1950). The metabolic processes directly blocked or restricted by the 
folic acid antagonists are unknown, but they must be widespread throughout 
living matter, from bacteria (Woods, 1953) to man. 

The arrest of mitosis in onion root tips by aminopterin was reported in an 
abstract of a paper by Himes & Leuchtenberger (1949). Dustin (1950) noted 
that mitoses in normal bone marrow and intestinal epithelium are severely 
affected by aminopterin, and in this laboratory Hughes (1950) recorded by 
cinematography the clumping of metaphase chromosomes in living tissue 
cultures of embryonic chick fibroblasts. Hughes also observed cells arrested 
in metaphase which, without completing division, reconstructed a resting 
nucleus, This mechanism may. be responsible for the formation of the large 
cells with swollen nuclei which were found in the intestinal epithelium. 
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Whereas these observations were interpreted as phenomena indicating specific 
metabolic requirements of dividing cells of a few selected types, it is now 
possible to say that the arrest of dividing cells in metaphase by folic acid 
antagonists ranges from human or mouse leukaemic cells to chick embryonic 
osteoblasts and may, therefore, be a general phenomenon among dividing 
cells. 

The fact that after an initial arrest in metaphase some types of cells over- 
come the inhibition will be analysed in the following paper. It is not certain 
whether folic acid antagonists act primarily on the spindle fibres. Colchicine, 
which is considered to be a typical ‘spindle inhibitor’, causes either scattering 
or clumping of chromosomes, whereas folic acid antagonists cause clumping 
only. Grampa & Dustin (1952) observed spindle fibres in dividing cells of the 
intestinal epithelium which had been exposed first to aminopterin, and 3 days 
later to colchicine. 

The results of the present investigation have shown that one important phase 
in cell division, viz. the processes which lead to the parting of the two chromo- 
some halves, the chromatids, requires the function of a substance which is 
replaced by folic acid antagonists. Even in the presence of very high con- 
centrations of aminopterin, cells enter the prophase of division and advance 
to metaphase; this means that the formation of chromosomes is not affected 
by folic acid antagonists. In this connexion it is of interest to mention that the 
chromosomes contain ribonucleoprotein towards the end of prophase, just 
before the nuclear membrane and the nucleolus disappear (Jacobson & Webb 
1952a, b). This appearance of ribonucleoprotein on the deoxyribonucleo- 
protein-containing chromosomes is not affected by antagonists, and the meta- 
phase chromosomes thus contain both types of nucleoprotein, even when 
exposed to high concentrations of aminopterin. On the other hand, those 
processes which keep the individual chromosomes apart, thus preventing them 
from clumping and leading eventually to the separation of the two chromatids, 
are affected by the folic acid antagonists, for in their presence the chromosomes 
clump and their chromatids do not separate. 

In normal division, when the daughter chromosomes part from each other 
in anaphase, a relatively higher concentration of ribonucleoprotein is found in 
that area of the cytoplasm through which the daughter chromosomes have 
moved. This may be due to the shedding by the chromosomes of some of 
their ribonucleoprotein (Jacobson & Webb, 1952a, 6). When cultures are 
treated with a low concentration of aminopterin the few cells found in anaphase 
behave in this respect like normal cells in mitosis. Thus the two phenomena of 
anaphase, the movement of the daughter chromosomes and the shedding by 
them of ribonucleoprotein, were not found separately. 

The fact that low concentration of aminopterin arrested fewer cells in 
metaphase indicates that the inhibition is not an ‘all or none’ process, some 
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cells in an apparently homogeneous population being more susceptible than 
others. 

At present it is not possible to determine which chemical processes are 
blocked by the folic acid antagonists, but it can be stated that these processes | 
are essential for the parting of the chromosome halves, which takes place over 
a period of only a few minutes. 

| SUMMARY 

1. The folic acid antagonist aminopterin, when used in sufficiently high 
doses, prevents dividing cells from completing mitosis; they are arrested in the 
metaphase stage and cannot proceed into anaphase. The metaphase chromo- 
somes form a tight cluster. 

2. Embryonic chick fibroblasts and osteoblasts growing in vitro provided 
a suitable test material with abundant cells in division. 

3. The effect of aminopterin on dividing cells is fully developed within less 
than 15 min, when concentrations between 1 : 2000 and 1 : 20,000 are applied. 

4. Cells are not prevented from entering into divison by folic acid 
antagonists. 

5. Similar observations were made on smears from the bone marrow of cases 
of acute leukaemia in man and a transplantable acute mouse leukaemia. 

6. The inhibitory effect of aminopterin wears off during 24 hr. 

7. Similar observations were made with another folic acid antagonist, 
A-methopterin. 

8. The intestinal mucous membrane with its high rate of dividing cells 
undergoes profound changes when exposed to aminopterin, and in the course 
of 5-6 days the villi become denuded of their epithelial cover. This was shown 
on the small intestine of the mouse. 
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EXPLANATION OF PLATE 
Prats | 


Fig. 1. Bone marrow of a leukaemic mouse 2 hr after subcutaneous injection of 1 mg aminopterin. 
In the left upper corner is a prophase; M, metaphase; A, anaphase, of leukaemic cells. Note 
the clumping of the chromosomes in metaphase. x 915. Smear stained with May-Grunwald 
and Giemsa. 

Fig. 2. (Control to fig. 1.) A leukaemic cell in metaphase, showing the normal arrangement of 
chromosomes, from an untreated leukaemic mouse. x 915. Smear stained as in fig. 1. 

Fig. 3. (Control to figs. 4 and 5.) A normal metaphase of an epithelial cell in a gland of the small 
intestine of the mouse. x 1100. Haematoxylin and eosin. 

Fig. 4. Metaphase with clumped chromosomes in a gland of the small intestine of the mouse, 2 hr 
after the subcutaneous injection of 1 mg aminopterin, x 1100. Stained as in fig. 3. 

Fig. 5. Large cell in metaphase with clumped chromosomes, from a gland of the small intestine of 


or days after the subcutaneous injection of 0-2 mg aminopterin. x 1100. Stained 
as in 
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Fig. 6. (Control to fig. 7.) Small intestine of an untreated mouse. x 135. Stained as in fig. 3. 

Fig. 7. Small intestine of a mouse, 3 days after the subcutaneous injection of 0-2 mg aminopterin. 
Note the distorted glands and the large epithelial cells covering the shortened villi. x 135. 
Stained as in fig. 3. 

Fig. 8. A group of dividing cells in a 48-hr-old tissue culture of chick embryo osteoblasts, fixed 
15 min after exposure to aminopterin | : 2000. Left top: a cell in early prophase with a large 
nucleolus and chromosomes within the nuclear membrane. Centre: three cells in metaphase 
with tightly clumped chromosomes, In the lower part of the group is a telophase, the two 
daughter cells being formed. x 1100. May-Grunwald and Giemsa. 

Fig. 9. (Control to fig. 8.) A normal metaphase in an untreated 48 hr tissue culture of chick 
embryo osteoblasts. x 825. Stained as in fig. 8. 

Fig. 10. Anormal anaphase in a 48 hr tissue culture of chick embryo osteoblasts. = 1100. Stained 
as in fig. 8. (Figs. 9 and 10 from Jacobson & Webb 19525.) 
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THE FUNCTION OF THE LEUCONOSTOC CITROVORUM 
FACTOR IN CELL DIVISION AND THE INACTIVATION 
OF AMINOPTERIN 


By W. JACOBSON* 
From the Strangeways Research Laboratory, Cambridge 
(Received 15 October 1953) 


As previously recorded (Jacobson, 1954), folic acid antagonists such as amino- 
pterin and A-methopterin arrest mitosis in metaphase; it was also found that 
certain types of cells are able to overcome this inhibition on more prolonged 
exposure to the agents. The present study was undertaken with two main 
objects, (a) to find whether the inhibition of mitosis by the folic acid anta- 
gonists is of an unspecific nature or whether it is due to interference with the 
normal function of a particular substance within the cell; and (6) to discover 
why certain tissues gradually become ‘resistant’ to the antagonists. 

The results showed that the agents probably interfere with the intracellular 
activity, not of folic acid itself, but of one of its derivatives, viz. the Leuconostoc 
citrovorum factor (LCF) a 5-formyl, 5 : 6: 7 : 8-tetrahydro derivative of folic 
acid. That some tissues gradually become resistant to folic acid antagonists 
might have been due to either of two alternatives: (1) the cells might use 
another metabolic pathway, by-passing the block caused by the antagonist 
and rendering the action of LCF no longer essential for cell division; or (2) the 
cells might inactivate the inhibitor. As described below, the latter alternative 
was found to be correct. Structural formulae of the pteridine compounds used 
in this work are shown in Fig. 1 of the previous paper (Jacobson, 1954). 

The L. cutrovorum factor was discovered by Sauberlich & Bauman in 
1948; it was shown to be a derivative of folic acid and was synthesized in 
1950 by two groups of workers, Brockman, Roth, Broguist, Hultquist, Smith, 
Fahrenbach, Cosulich, Parker, Stockstad & Jukes (1950) and Shive, Bardos, 
Bond & Rogers (1950). Its structure has been established by Flynn, Bond, 
Bardos & Shive (1951); Pohland, Flynn, Jones & Shive (1951); Roth, Hult- 
quist, Fahrenbach, Cosulich, Broquist, Brockman, Smith, Parker, Stockstad & 
Jukes (1952); and Cosulich, Roth, Smith Hultquist & Parker (1952). Cosulich, 
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Smith & Broquist (1952) have shown that the synthetic compound, as used in 
this investigation, contains a mixture of di( +1) and l1{ —1) diastereoisomers. 
They found the growth-promoting activity of the synthetic I1(—1) form to 
be equal to that of the natural compound in confirmation of Silverman & 
Keresztesy (1951). As the LCF has a greater capacity than folic acid for 
overcoming systemic toxic effects caused in man and animals by aminopterin, 
it was termed the functioning form of folic acid (Broquist, Stockstad & Jukes, 
1950; Goldin, Greenspan, Venditti & Schoenbach, 1952; Burchenal & Kingsley- 
Pillers, 1951; Cravens, 1952; Dustin, 1952). 


METHODS AND MATERIAL 


Embryonic chick fibroblasts and osteoblasts growing in vitro provided a suitable material with 
abundant mitoses to study the direct effect on dividing cells of these substances to be tested. 
The experiments were made on 24 to 72-hr-old tissue cultures of osteoblasts or fibroblasts of 
1l- or 12-day-old chick embryos. Most of the explants were derived from the rudiment of the 
frontal bone, and nearly all of them were used on the second day when cell divisions were most 
numerous, The cultures were grown by the hanging-drop technique in a mixture of equal parts of 
fowl plasma and chick embryo extract at a temperature of 37° C. 

The test solutions were made up either in Tyrode or in equal parts of Tyrode and fowl serum. 
Between 0-01 and 0-02 ml. were placed on the clot to cover the area of the explant and the zone 
of outgrowth. Care was taken that this was accomplished rapidly to prevent cooling of the explant. 
The time outside the incubator for each culture was less than | min, usually 30 sec. The control 
cultures were treated in a similar way. Over 400 explants were used in the course of this investi- 
gation. At the end of the test period, cultures were usually fixed in absolute methanol and 
stained with the May-Grunwald and Giemsa dyes (Jacobson & Webb, 19524). Aminopterin, folic 
acid and the L. citrovorum factor, the latter as the calcium salt (with 5H,O) were synthesized by 


the American Cyanamid Company. 
RESULTS 
Failure of folic acid to overcome the mitotic inhibition caused 
by the antagonist 

(a) Experiments were made to find whether folic acid, applied simultaneously 
with its antagonist aminopterin, would overcome the mitotic inhibition caused 
by the latter. 

The following solutions were placed on groups of cultures of embryonic 
chick osteoblasts for 15 min. Groups of control cultures which were untreated, 
treated with Tyrode solution only, or with folic acid in Tyrode solution, were 
run simultaneously. As no significant difference between these was found, 
they are listed together as the control group. The composition of the freshly 
prepared test solutions, containing both aminopterin and folic acid is Ag 
in Table 1; it also shows the relevant results. 

All combinations caused a very considerable accumulation of dividing cells 
in metaphase with tightly clumped chromosomes, and consequently cells in 
anaphase were rare compared with the control cultures. All mixtures had an 
inhibitory effect on the —— of mitosis as great as that of aminopterin 
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alone (Jacobson, 1954). High concentrations of folic acid mixed with relatively 
low concentrations of aminopterin (test solution 3) did not alter the action of 


aminopterin. 
Tasie 1. Failure of folic acid to overcome the inhibition at metaphase, 
caused by aminopterin 
7 Ratio of folic 
Test solution Composition acid : aminopterin 
1 Aminopterin 1: 2,000 + folic acid 1: 133 15:1 
2 Aminopterin 1: 5,000 + folic acid 1: 500 10:1 
3 Aminopterin 1: : 10,000 + folic acid 1: 250 40:1 
Test solution Treated cultures Control cultures 
1 3 (281 mitoses) 5 (322 mitoses) 
66% M,2% A 37% M, 21% A 
2 10 (1205 mitoses) 
60% M, 2%, A 38% M, 22% A 
3 4 (437 mitoses) 8 (1695 mitoses) 
62% M,5% A 36%, M, 22% A 


M, metaphase; A, anaphase. 
(b) In the next series of experiments folic acid was applied 1 hr before the 
inhibitor. 
Table 2 shows that exposure of the cells to folic acid 1 hr before adding 
aminopterin failed to prevent the. arrest in metaphase due to the latter 


substance. 
TaB.eE 2. Failure of folic acid, applied 1 hour before aminopterin, to prevent 
Com posi 
by aminopterin (A) for 15 min) 
Test r _~ Ratio of folic 
solution F.A. A acid ; aminopterin 
l 1:100 1:8,000 80:1 
2 1:100 1: 10,000 100:1 
3 1:125 1:20,000 160:1 
Control cultures 
Test Folic followed Aminopterin onl Folic acid only 
olic i 
solutions by aminopterin (15 min) (15 min) (1 hr) 
1 4 (348 mitoses) 3 (547 mitoses) 4 (729 mitoges) 
60% M;1% A 68% M;1%A 43% M; 24%, A 
2 3 (105 mitoses) 3 (544 mitoses) 4 (405 mitoses) 
65% M; 2% A 64% M;3% A 35% M; 18% A 
3 4 (1637 mitoses) 4 (1206 mitoses) 4 (1002 mitoses) 
70% M;8% A 62% M;6% A 43% M; 24% A 


M, metaphase; A, anaphase. 


The results of Expt. 3 are shown in Fig. 1. Though 160 times more folic 
acid than aminopterin was available to the cells 1 hr prior to the application of 
aminopterin, a concentration of the inhibitor of 1 : 20,000 exerted its full 
effect of arresting cells in metaphase with severe clumping of chromosomes. 
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From these two sets of experiments it was evident that folic acid, even when 
applied in excess and 1 hr prior to the addition of aminopterin, is unable to 
afford protection against the inhibition caused by the so-called folic acid 
antagonist. This observation suggests that it is unlikely that aminopterin 
replaces folic acid within the dividing cells or that the fibroblasts and osteo- 
blasts can convert folic acid into the actual compound replaced by aminopterin. 


% 


P M A 
Fig. 1. Failure of folic acid (1 : 125) applied 1 hr before aminopterin (1 : 20,000) to prevent arrest 
in metaphase (~--). Aminopterin 1 : 20,000 alone (——). Controls (folic acid 1: 125 
for 1 hr)(....). Ordinate: % of dividing cells. Abscissa: P, prophase; M, metaphase; A, 
anaphase; 7’, 


The neutralization of the inhibitory effect of aminopterin by the 
Leuconostoc citrovorum factor (LCF) 

The simultaneous application of LCF with the aminopterin completely 
prevented, over a range of concentrations, the inhibition caused by amino- 
pterin. Increasing concentrations of aminopterin required relatively very 
much higher concentrations of LCF to prevent any mitotic inhibition; thus 
a solution of aminopterin 1 : 40,000 was completely neutralized by LCF 
1: 4000, whereas a solution of aminopterin 1 : 8000 needed a solution of 
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LCF 1:50. Concentrations of aminopterin below 1 : 40,000 could not be 
tested, as their effect on dividing cells was too slight. It was not possible to 
cancel the effect of aminopterin in concentrations above 1 : 8000, as this would 
have required a concentration of LCF beyond the limit of its solubility, The 
results of these experiments are given in Table 3. All experiments shown 
represent a 15 min effect, except those of group 1, which were of 1 hr duration. 
Taste 3. Cancellation of the aminopterin inhibition by the LCF 
1. Aminopterin 1 : 40,000 cancelled by LCF 1 : 4000 (4 cultures in each group) 


+ LOF 1 : 5000 
i (inhibition 
1 : 40,000 not cancelled 
1 : 40,000 + LOF 1 : 4000 com 
(2255 mitoses) (1199 mitoses) (1245 mitoses) (1794 mitoses) 
( (% 0 (%) 
proce. 9 26 16 26 
Telophase 27 24 20 
2. Aminopterin 1 : 20,000 cancelled by LCF 1 : 2000 (4 cultures in each group) 
1 : 20,000 + LCF 1: 2000 Controls 
(1206 mitoses) (900 mitoses) (1053 mitoses) 
(%) (%) (%) 
Prophase 16 21 21 
62 35 36 
20 20 
Telophase 16 24 23 
3. Aminopterin 1 : 10,000 cancelled by LCF 1 : 500 
Aminopterin 
1: 10,000 
+ LOF 1: 1000 
i (inhibition 
1: 10,000 not cancelled 
1 : 10,000 + LCF 1: 500 com 
(3 cultures; (5 cultures ; (4 cultures ; 
544 mitoses) 885 mitoses 816 mitoses) 8 cultures ; 
(%) (%) (%) 1695 mitoses) 
Prophase 15 15 17 19 
Meta 64 38 58 36 
Anap 3 22 7 22 
Telophase 18 25 18 23 
4. Aminopterin 1 : 8750 cancelled hy LCF 1 : 62-5 (4 cultures in each group) 
Aminopterin 
1 : 8750 
+LOF 1: 125 
(inhibition 
1 : 8750 not cancelled Con 
+ LCF 1: 62-5 com ) (LOF 1 : 62-5) 
(900 mitoses (638 mitoses) 952 mitoses) 
(%) (%) 
Prophase 16 15 15 
Meta 33 43 37 
Anap 27 23 27 
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3 (cont.) 
5. Aminopterin 1 : 8000 cancelled by LCF 1 : 50 
Aminopterin 
LEP 1: 50 
+ 
(3 cultures ; 4 ripe 
547 mitoses) 1382 mitoses) 843 mitoses) 
(%) (%) (%) 
Prophase 15 14 13 
Meta 68 42 43 
Ana 1 24 20 
Telophase 16 20 24 
6. Aminopterin | : 7500 not cancelled by LCF 1 : 62-5 
Aminopterin 
1: 7500 
1:7 + LCF 1: 62-5 
(6 cultures; (4 cultures; 
1176 mitoses) 939 mitoses) 
(%) (%) 
Prophase 11 16 
Telophase 13 17 


When the molar concentrations of aminopterin and LCF (as free compound) 
which prevented the inhibition of mitoses at metaphase were plotted loga- 
rithmically, a steeply rising curve was obtained (Fig. 2). The accuracy of this 
graph is illustrated by experiments in which a slightly lower concentration of 
LCF was used, not high enough to cancel the aminopterin effect completely. 
In Fig. 2 these values are marked by open circles. From these results it may 
be concluded that the folic acid antagonist aminopterin replaces in the cells 
the LOF or a compound very similar to it. Provided enough LCF is offered 
to the cells simultaneously with the inhibitor, the effect of the latter can be 
completely prevented, which suggests that the LCF plays an important part 
in the step from meta- to anaphase. From the fact that the curve does not 
form a straight line it may be concluded that the LCF does not occur in 
a free form within the cells but is bound to another moiety, and/or is rapidly 
converted into a slightly different compound. 


The inactivation of aminopterin by tissues 

In view of the observation that the arrest of cell division in metaphase which 
appears within a few minutes of the application of aminopterin, has nearly 
or completely worn off within 24 hr, experiments were made to find whether 
cells exposed to aminopterin by-passed the block established by the folic acid 
antagonist, or whether they destroyed or inactivated the antagonist. This 
question was of some importance, as patients with acute leukaemia who 
initially respond to folic acid antagonists eventually cease to do so (Farber, 
1952), 
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Control experiments were first undertaken to establish that aminopterin 
is not inactivated when incubated with Tyrode, chick plasma or embryo 
extract for 24 hr at 37° C under sterile conditions. No measurable decrease 
in aminopterin activity was found when such solutions were tested for their 
inhibitory power. Frontal bone from 11- or 12-day chick embryos was cut 
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Fig. 2. Concentrations of LCF required to overcome completely the inhibition of dividing cells, 
caused by aminopterin, @; concentrations of LCF not sufficient to overcome the 
inhibition, O. 


into small fragments of approximately 0-25 mg each, and forty such pieces 
were incubated for 24 hr at 37° C in either 2 ml. of Tyrode or a mixture of 
serum and Tyrode in equal parts, with 1 mg aminopterin in 25 ml. conical 
flasks under sterile conditions. When the supernatant fluid was tested on 
dividing cells in tissue cultures no aminopterin effect could be obtained (Fig. 3). 
When the same experiment was repeated with homogenized tissue, however, 
there was no decrease of the aminopterin action, indicating that the inactiva- 
tion could only be achieved by intact cells, The ultra-violet absorption spectra 
of the active and inactivated aminopterin showed no significant difference, 
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which implied that this compound was neither adsorbed from the solution 
on to the tissue fragments nor broken down completely, but only altered. The 
supernatant from control experiments in which osteoblasts were incubated 
for 24hr at 37°C in the same medium without aminopterin, exerted no 
inhibitory action on cell division. 


P M A T 
Fig. 3. Inactivation of 1 mg aminopterin in 2 ml. serum, half diluted with Tyrode, by incubation 
with 10 mg chick embryo osteoblasts for 24 hr at 37° C. The supernatant, when tested on 
dividing cells, caused no inhibition (....). Aminopterin (without osteoblasts) retained its 
full inhibitory power (———). The supernatant of osteoblasts by themselves has no effect on 
dividing cells (~~ -). Abbreviations as in Fig. 1. 


The above experiment was repeated four times and always resulted in the 
inactivation of aminopterin. A total of sixty-nine cultures was used in these 
five series and the inactivated aminopterin was tested on twenty-one cultures 
with just over 3000 mitoses. 


Failure of mouse bone marrow to inactivate aminopterin 
A few other tissues have been examined for their capacity to inactivate 
aminopterin during an incubation period of 18-24 hr. Bone marrow of normal 
FAK, mice was unable to do so; 1 mg of aminopterin in 2 ml. of a mixture of 
serum and Tyrode in equal parts maintained nearly its full activity (Fig. 4), 
PH. CXXIII 40 
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whereas 16 mg of leukaemic cells of an acute leukaemia in the same strain of 
mice completely inactivated the aminopterin during 24 hr incubation (Fig. 5). 
A sample incubated for 6 hr only showed that inactivation had not been 
completed. 
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Fig. 4. Failure of normal mouse bone marrow (10 mg) to inactivate 1 mg aminopterin in 2 ml. 
within 24 hr at 37° C. Supernatant of incubated aminopterin and normal mouse bone marrow 
exerts the same inhibitory power (....) as aminopterin alone (——-), The supernatant of 
normal marrow alone has no inhibitory effect (-—-). Abbreviations as in Fig. 1. 

Fig. 5. Inactivation of 1 mg aminopterin by leukaemic cells (16 mg/ml.) of an acute mouse 
leukaemia, The supernatant of leukaemic cells incubated with aminopterin has some in- 
hibitory action after 6 hr (—--—-- , but none after 24 hr (— - —); while aminopterin incubated 
alone for 24 hr has full inhibitory effect (——). The supernatant of leukaemic cells alone 
incubated for 24 hr has none (....). Abbreviations as in Fig. 1. 


In the experiment illustrated in Fig. 5, 16 mg of leukaemic cells per ml. were 
incubated in Tyrode for 24 hr. As in these experiments the supernatant, made 
cell-free by centrifugation, contained the soluble material of the leukaemic 
cells, some of which had disintegrated during incubation, it was of interest to 
establish whether the inactivation of aminopterin could be achieved in cell- 
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free solution. Aminopterin was therefore added to the cell-free supernatant 
of leukaemic cells and was then incubated for a further 24 hr. This medium, 
when tested on dividing cells in tissue culture, gave the following ratio: 
prophase 12°%,; metaphase 74%; anaphase 0%; telophase 14% (for 789 
mitoses in four cultures). Thus in the leukaemic tissue also, the ability to 
inactivate aminopterin was associated with the intact cells. 


% 


Fig. 6. Incomplete inactivation of 1 mg aminopterin by 50 mg chick embryo intestinal mucous 
membrane in 2 ml. serum during 24 hr at 37° C. Supernatant of intestinal mucous membrane 
incubated with aminopterin retains some inhibitory power (....). Aminopterin, incubated 
alone, has full inhibitory power (——-). The supernatant of intestinal mucous membrane, 
incubated alone, has none (— —-). The three graphs were obtained from 849, 790 and 617 
mitoses of four cultures each. Abbreviations as in Fig. 1. 


Altogether, the incubation of aminopterin with leukaemic cells was per- 
formed seven times. In the fourth experiment 6 ml. of the leukaemic cell 
suspension was used ; this quantity formed a deeper layer of fluid in the 50 ml. 
conical flasks than the usual 2 or 4 ml. and the cells failed to inactivate 
aminopterin. In the six successful experiments, in which the cell suspension 
was kept in a shallow layer, the inhibitor was inactivated. The quantity of 
leukaemic cells varied between 20 and 5 mg/ml. and no differences as to their 
ability to inactivate were found within this range; the concentration of 
aminopterin was always 1 : 2000. Thus the two experiments in which 5 mg/ml. 
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leukaemic cells were used gave the following result when the inactivated 
aminopterin was tested on dividing cells: metaphase, 44%; anaphase, 24°, 
among 1941 mitoses in nine cultures. Altogether, 82 cultures were used for 
the six experiments in which ammopterin was inactivated, and the latter was 
tested on twenty-five cultures with over 4000 mitoses. 

The striking difference in behaviour between normal mouse bone marrow, 
which cannot inactivate aminopterin, and the stem cells (or lymphoblasts) 
of the acute leukaemia in the same strain of mice, indicates why the bone 
marrow of the mouse appears so sensitive to aminopterin and why the course 
of acute leukaemia of this strain is little affected by this compound. 


Incubation of aminopterin with intestinal mucosa of the chick embryo 

In view of the known sensitivity of the intestinal epithelium to the action 
of folic acid antagonists (Farber, Diamond, Mercer, Sylvester & Wolff, 1948; 
see also Jacobson, 1951, 1954), 50 mg of the intestinal mucosa of a 20-day 
chick embryo were incubated with 1 mg aminopterin in 2 ml: equal parts 
Tyrode and fowl serum for 24 hr at 37° C. Some reduction in the aminopterin 
inhibition was observed, but there was still a marked inhibitory effect when 
the supernatant was tested on dividing cells (Fig. 6). 

Whether the partial inactivation of aminopterin by the intestinal mucosa 
was caused by the mesenchymatous component of the tissue or by the 
epithelial cells, or by both, cannot be determined, but the fact that fibroblasts 
in cultures inactivated aminopterin so rapidly suggests that they and not the 
epithelial cells might have been responsible for the partial inactivation. 


‘DISCUSSION 


The usefulness of actively growing tissue cultures as test objects became 
evident in the course of this investigation; they provided a large number of 
cells in mitosis and could be fixed, stained and examined under the micro- 
scope within an hour. Moreover, only 0-01-0-02 ml. of each test solution was 
required. The main advantage, however, was the certainty that test substances 
reached the cells directly they were placed on the tissue, thus excluding inter- 
ference by such systemic factors as permeability of blood vessels, loss due to 
excretion and especially excluding the metabolic effects of other organs. This 
was particularly true in the experiments with folic acid, which in the intact 
body or in contact with liver slices is converted into the LCF (Nicol & Welch, 
1950). 

In the present experiments, therefore, it was possible to demonstrate that 
aminopterin replaced not folic acid, but the LCF or a close derivative of it. 
Furthermore, as no evidence could be obtained that the cells used in the tissue 
culture experiments could convert folic acid into LCF, the inhibitory effect of 
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aminopterin could not be due to blocking this conversion. LOF was found to 
neutralize the inhibitory action of aminopterin in the metaphase stage of cell 
division over a range of concentrations, when both substances were applied 
simultaneously in a suitable proportion. It seems probable that aminopterin 
replaces LCF, or a close derivative of it, within the dividing cell. LCF or the 
derivative, therefore, may function during the step from metaphase to 
anaphase. 

The fact that relatively small increases in the concentration of the inhibitor 
demanded much larger increases in the concentration of LCF may have 
several explanations: 

(1) Im the usual ‘inhibition analysis’ with bacterial cultures (Shive, 1950; 
Woolley, 1953) half maximal growth is taken as the point at which the ratios 
of inhibitor to metabolite are determined. This was not feasible in the present 
type of experiments, as half maximal effects cannot be ascertained with any 
degree of accuracy when determining the percentage distribution of mitotic 
phases. In consequence, it was necessary to express the ratio of metabolite to 
inhibitor in terms of the concentration of LCF which completely overcame 
the effects of aminopterin and restored the cells to a normal mitotic process. 
This factor may contribute to the shape of the curve (Fig. 2). 

(2) The LCF may be bound to another moiety within. the dividing cells. 
Aminopterin may have a greater affinity for this moiety, so that a considerable 
surplus of LCF may be required to prevent the effective blocking of its normal 
‘site’. 

When it was first noticed that folic acid antagonists blocked mitosis in 
metaphase, a more detailed investigation of the role of the two types of 
nucleoprotein during cell division was undertaken (Jacobson & Webb, 19524, 5). 


____ The results of this work make it possible now to formulate more exactly which 


processes during mitosis are dependent and which are independent of a normal 
function of LCF. Neither formation of the deoxyribonucleoprotein containing 
chromosomes in prophase and the appearance of ribonucleoprotein on them 
towards the end of prophase, nor the disappearance of the nucleolus and the 
nuclear membrane, are affected by aminopterin. On the other hand, the 
metaphase chromosomes, containing both types of nucleoprotein, are severely 
affected, as they clump together. 

Once the chromosome halves have parted completely in anaphase, amino- 
pterin seems to have little effect on the further changes of the chromosomal 
material, and the cytoplasmic area through which the anaphase chromosomes 


- have moved contains more ribonucleoprotein than any other region of the 


cytoplasm, as in normal mitoses. The reconstruction of the daughter cell nuclei 
with their nucleoli is not interfered with by aminopterin. 
It should be stated that LCF may have functions other than those connected 


_ with cell division. As aminopterin causes the same immediate changes in 
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dividing cells of a great variety of tissues, e.g. in embryonic chick osteoblasts, 
intestinal epithelium of mouse and man and in leukaemic cells, it appears that 
LOF or a very closely related compound has a wide distribution among animal 
cells. 

It has been generally assumed that LCF may be connected with nucleic 
acid synthesis and especially with the transfer of a single carbon unit in the 
intermediate metabolism (see Welch & Nichol, 1952; Skipper, 1953; Totter, 
1953). Since LCF is involved in the process of cell division, general metabolic 
effects caused by the blocking of LCF should be interpreted with caution if 
cell divisions occur in the test material. By preventing the formation of 
daughter cells, which in turn would have built up new material to grow into 
two new cells, many metabolic processes would be depressed indirectly. 
In this connexion it may be worth pointing out that the deficiency in folic 
acid and thus in LCF in man leads to the formation of ‘megaloblasts’ in the 
bone marrow, i.e. immature red blood cells with abundance of cytoplasmic 
ribonucleoprotein and large nuclei with a high content of deoxyribonucleo- 
protein (Davidson, Leslie & White, 1948). After the intramuscular injection 
of an adequate dose of folic acid, this picture is completely changed; many of 
the megaloblasts lose most of their cytoplasmic ribonucleoprotein and their 
nuclei assume a more normal content of deoxyribonucleoprotein. These ob- 
servations indicate that the deficiency in folic acid and thus of LCF does not 
prevent the cells from synthesizing nucleoprotein. 

The apparent failure of a particular tissue to be affected by folic acid 
antagonists does not warrant the conclusion that mitosis in this tissue does 
not require LCF, or a closely related substance. The results described above 
have shown that the ‘resistance’ of the cells may be due to the fact that they 
are powerful inactivators of, for example, aminopterin. Only short-term 
experiments, with sufficiently high concentrations of the inhibitor, can provide 
positive evidence for the essential role of LCF during mitosis; this was shown 
for such divergent tissues as leukaemic cells of the mouse and chick embryonic 
osteoblasts. Preliminary (unpublished) experiments indicate that the capacity 
to inactivate aminopterin is rather widespread among different types of 
tissue. 

In spite of several attempts to find whether the inactivation of aminopterin 
is due to its deamination and conversion to folic acid, no positive evidence 
can be presented for this assumption, and it appears likely that the amino- 
pterin may undergo other changes when exposed to ‘resistant’ cells. 

Two lines of approach to the problem of unrestricted growth of cells become 
apparent: (1) the investigation of molecules related to those of aminopterin 
but with modifications, which may be less readily attacked by some types of 
cells and thus prove more lasting antagonists to LCF and/or closely related 
substances. (2) On the other hand, certain types of rapidly growing cells 
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may be able to build up the complex pteridine compound of the LCF type 
from simpler precursors, and may not depend on the supply of a substance 
in which the pteridine ring is already linked to the p-amino benzoyl-glutamic 
acid. The mitotic division of such cells could be arrested by offering them 
simpler pteridine analogues which, when incorporated into the complex 
pteridine compound, would lead to a LCF analogue unable to function during 
division. 
SUMMARY 

1. The arrest of cell division caused by the folic acid antagonist aminopterin 
cannot be overcome by folic acid even in high concentration, when tested 
directly on dividing cells growing in vitro. 

2. High concentrations of folic acid, applied 1 hr before the antagonist, 
also fail to protect against the inhibitor, even in relatively low concentrations. 

3. Leuconostoc citrovorum factor, when applied simultaneously with amino- 
pterin, prevents the arrest in the metaphase stage of dividing cells. This was 
shown for five levels of concentration. 

4. It is suggested that the LCF or a close derivative of it is replaced within 
the dividing cell by aminopterin and that the LCF is essential for the step from 
meta- to anaphase, i.e. for the parting of the chromosome halves. 

5. When embryonic chick osteoblasts were allowed to act on aminopterin 
for 24 hr, they converted the inhibitor into an inactive compound. 

6. Leukaemic cells of an acute mouse leukaemia were also found to be 
powerful inactivators of aminopterin when allowed to act for 24 hr. Normal 
bone marrow of the mouse was unable to do this. 
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THE RELATION BETWEEN FORCE AND VELOCITY OF 
SHORTENING IN RAT MUSCLE 
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The force that a frog muscle can exert in a maximal tetanus is related to the 
velocity at which it is allowed to shorten by the equation 


(P +a) (V +6) =constant, 


where a and bare both constants: P and V are the force and velocity respectively 
(Hill, 1938), This type of relation has been shown to apply not only to 
amphibian muscles but also to those of invertebrates (Abbott, 1953; Abbott 
& Lowy, 1953), reptiles (Katz, 1939) and fish (Wilkie, unpublished). But except 
on the forearm muscles of man (Wilkie, 1950), no similar observations have 
been made on mammalian muscle. Fenn & Marsh (1935) did investigate the 
relation between force and velocity in cat muscle but they used a different type 
of equation to describe their results. 

The present experiments extend the application of such an equation to rat 
muscle. 

METHODS 


Rats were killed by a blow on the head, and the whole left half of the diaphragm was excised. 
A strip was isolated by making two longitudinal cuts along the line of the fibres about 4 mm on 
either side of the point of entry of the phrenic nerve. It was mounted on a multi-electrode 
apparatus similar to that described by Hill (19495). The muscle was fixed in position vertically by 
a clamp on a piece of rib left attached to it during the dissection; the central tendon was connected 
to an isotonic lever. In single twitch experiments the connexion was a light thread and in after- 
loaded tetanus experiments, a fine silver chain. During the experiment the assembly with the 
muscle was immersed in Tyrode’s solution at 37° C through which a mixture of 95% O,, 5% CO, 
continually bubbled. The Tyrode contained 10-5 (w/v) tubocurarine chloride which was sufficient 
to provide complete curarization; this was checked by stimulation of the phrenic nerve. 

The muscle was stimulated directly by rectangular current pulses of about 0-25 msec duration 
through the silver electrodes of the multi-electrode apparatus. These were about | mm wide and 
the distance between centres was 3 mm. Usually six electrodes were in contact with the muscle 
and these were connected as alternate anodes and cathodes. 

The contractions were recorded by means of a light isotonic lever pivoted on ball-bearings. The 
arm of the lever was made of bamboo which was sand-papered down to have as small a mass as was 


633 
J 
7 
WwW 
A 


634 J. M. RITCHIE 


consistent with rigidity. On the lever was a vane whose shadow fell on a twin photocell. Move- 
ments of the muscle were faithfully reflected in changes of voltage output from the photocell 
circuit (Hill, 19494). These were amplified, displayed on a CRO and photographed. 


RESULTS 


The stimulus. In preliminary experiments it became clear that, with the 
type of stimulus used, some arbitrary criterion of maximality had to be 
adopted. When the stimulus strength was increased in steps from that required 


0 10 20 30 0 200 400 600 
Stimulus strength (threshold units) Frequency of stimulation (shocks/sec) 
Fig. 1. Fig. 2. 


Fig. 1. Relation between amount of shortening jn single twitches and stimulus strength in strip 
of rat diaphragm at 37° C. 

Fig. 2. Relation between tension developed in a tetanus and frequency of direct stimulation in 
strip of rat diaphragm at 37° C. 


to produce a just visible twitch to about 10 times this threshold value, the 
response of the muscle increased rapidly (Fig. 1). On increasing the stimulus 
strength still more, the response of the muscle did not reach a constant value; 
it continued to rise slowly until, with very strong stimuli, it again began to 
rise quickly, presumably as repetitive firing occurred. In most experiments, 
therefore, a stimulus strength of about 12 times threshold was used and taken 
as ‘maximal’, 

The tension in an isometric tetanus depends on the frequency of stimulation. 
Fig. 2 shows the plot of tension against stimulus frequency for one of five 
different preparations. For each muscle a similar curve was obtained; a 
frequency of between 150 and 200 shocks per sec gave the maximum tension 
and was used in the present experiments. The curve of Fig. 2 is similar in shape 
to that described by Brown & Burns (1949) for cat muscle. 

The isotonic twitch. Fig. 3 shows a typical shortening/time curve, under 
a very small load, of a strip of diaphragm muscle, 13 mm long, 7 mm wide and 
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weighing 60 mg, stimulated directly with a maximal shock applied simul- 
taneously to many parts of the muscle. Although the latent period recorded 
by means of a sensitive piezo-electric crystal is about 1-5 msec (Goffart & 
Ritchie, 1952), no shortening could be detected until about 2-5 msec after the 
stimulus. This difference in latent periods is almost certainly due to the 


_ different sensitivities of the two methods. The maximum velocity of shortening 


20 - 


Shortening (mm) 
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Time after stimulus (msec) 


Fig. 3. Isotonic twitch of rat diaphragm muscle at 37° C under very small load and stimulated 
at many points simultaneously. Muscle strip 13 mm long, 7 mm wide and weighing 60 mg. 
A and B mark beginning and end of period of linear shortening. 


for this muscle was 13 muscle lengths per sec and was maintained very close 
to this value for about half the total shortening (until B in Fig. 3). In six 
experiments the average time at which this period of linearity ended was at 
about 9 msec after the stimulus. 

The relation between force and velocity in a tetanus. A muscle was mounted 
on the stimulating assembly and immersed in oxygenated Tyrode’s solution at 
37° C. A stop on the isotonic lever kept the resting length of the muscle about 
the same as that which it assumed under a very small load immediately after 
dissection; it is well known that the tension developed by a contracting muscle 
depends on its length, and it was found experimentally that at this length 
almost maximum tension was developed during a tetanus. After an initial 
rest period of about 1 hr, the muscle was stimulated tetanically for periods of 
about 1 sec duration at a frequency of about 200 shocks per second. The load 
was increased in steps to nearly the greatest it could lift at this length, and 
then decreased, records being made of the shortening for each load. In every 
third or fourth tetanus P, was measured by means of an isometric lever. It was 
often found to fall towards the end of the run of increasing loads (cf. Abbott & 
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Wilkie, 1953). Therefore, when fitting curves to the experimental points, the 
observed values of P, were taken only as a guide: various values around this 
were tried and that one selected which, with the construction described by 
Katz (1939), gave the best hyperbolic fit to the experimental points. 


200 
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Fig. 4. Force/velocity curves of two strips of rat diaphragm muscle at 37° C. A, strip 15 mm long, 


8mm wide, weighing 69 mg. Solid line equation (P + 8-6) (V +44) =2240. B, strip 13 mm 


long, 6 mm wide, weighing 37 mg. Solid line equation (P + 2-5) (V +24) =560. 


Fig. 4 shows the results of two experiments. The strip of muscle of Fig. 4A 
was 15 mm long and weighed 69 mg. The solid curve is a hyperbola 


(P +8-6) (V +44) =2240. 


The maximum shortening velocity of this preparation was 230 mm/sec, i.e. 
about 15 times the muscle length per second. The mean of nine experiments 
gave a lower value of 11 muscle lengths per sec. In this experiment P, was 
42 g and a/P, 0°20. Fig. 4B shows the curve obtained from another muscle. 
a/P, is small, 0-12, but the points fit the calculated curve reasonably well. The 
nine experiments gave an average a/P, of 0-25, but there was a large scatter 
in the individual values which ranged from 0-12 to 0-44. It is, however, of the 
same order as that found for frog (Hill, 1938) and for other muscles (Wilkie, 
1950 and unpublished; Katz, 1939; Abbott, 1953). 

There is a large scatter in the experimental results, but this is not surprising 
since an unknown number of fibres must be damaged in the course of the 
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dissection. And, because of the anatomy of the muscle, the length could not 
be standardized. Therefore, since P, varies with length and a does not (Abbott 
& Wilkie, 1953), some variation in a/P, would be expected. 


DISCUSSION 


It is clear that the start of shortening under no load is not abrupt (Fig. 3); it 
is not until just over 2 msec after the contraction has begun (A in Fig. 3) that 
the final maximum velocity is reached. But this observation does not neces- 
sarily negate the conclusion of Abbott & Ritchie (1951) that when a striated 
muscle under small load is simultaneously stimulated at many points along 
its length, shortening commences with its maximum speed at the end of the 
latent period. For the muscle had to expend energy to accelerate both itself 
and the lever system, quite apart from an unknown amount used to set the 
fluid around the muscle in motion. This acceleration takes time, and even if the 
internal transition from rest to full activity were abrupt, the velocity must 
rise gradually. 

It is possible to calculate approximately this period of initial acceleration. 
The lever used in the present experiments was calculated to have an equivalent 
mass of 50 mg; the equivalent mass of the muscle was one-third its actual 
mass, that is about 20 mg; the thread attaching the muscle to the lever, 
allowing for it becoming damp, would be at most 20 mg. There was, therefore, 
a total equivalent mass of about 100 mg to be accelerated. The muscle of Fig. 3 
moved about 0-2 mm before attaining its final velocity. This was an average 
acceleration at the tip of the muscle of 10* cm/sec® (0-02 = 4$/ x (2 x 10-*)*). To 
produce this acceleration in a mass of 100 mg, the muscle had to develop a mean 
force of 1 g. In an isometric twitch it takes about 2 msec after the first signs 
of contraction, 44 msec after the stimulus, for a muscle of similar size to 
develop a force of 1 g (fig. 2 of Goffart & Ritchie, 1952). At least 2 msec after 
the beginning of contraction must therefore elapse before the final velocity is 
reached in an isotonic twitch. 

This calculation is, of course, rough. A more accurate method of determining 
the form of the myogram would be based on the force/velocity relation of the 
contractile material and the force/extension curve of the series elastic com- 
ponent (Hill, 19495); but the latter is not known for rat muscle. The present 
calculation does show, however, that the observed period of initial acceleration 
is of the same order as that expected with the present technique of recording. 
There is, therefore, no reason for believing that rat muscle differs fundamentally 
from frog muscle, and it is most likely that the internal activity, as in the 
latter, begins abruptly at the end of the latent period. 

Walker (1951) has modified Hill’s quick-stretch technique and applied it to 
rat muscle. He has suggested, contrary to the conclusions of Hill (19496), that 
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the intrinsic contractile response of rat muscle is quantal, smaller in a twitch 
than in a tetanus. It is difficult to see how this view can be maintained. The 
present experiments show that not only is there indirect, but strong, evidence 
for believing that the initial activity begins abruptly in rat muscle, but also 
that, twitch or tetanus, it reaches its maximum value very soon after the end 
of the latent period. For, the maximum velocity of shortening in a twitch is 
reached soon after the beginning of contraction and is maintained for about 
half the total shortening at almost the same value as the maximum in a 
tetanus, in spite of the large tetanus/twitch ratio (7-3, Goffart & Ritchie, 1952). 
The mean maximum velocity of shortening under no load in six twitch experi- 
ments was 10 muscle lengths per sec; in the nine tetanus experiments the 
mean was 11 (standard errors of the means being 2-0 and 1-5 muscle lengths 
per sec respectively). It is difficult to understand why these two velocities 
should be in such close agreement if, in fact, the intrinsic contractile response 
in a twitch were only one-seventh of that in a tetanus. The most plausible 
explanation of the facts must be that the intrinsic activity is the same for 
both. | 

Some idea of the duration of the plateau of the active state curve (Hill, 
19496) can be obtained. First, the duration of the linear portion of the 
shortening curve in a twitch may be taken as an index; it is not until this 
linear period ends, at about 9 msec after the stimulus, that the shortening 
curve in a twitch begins to diverge from that in a tetanus. Thus, a figure of 
about 7 msec is indicated. Alternatively, the maximum time between stimuli 
in an isometric tetanus to produce a maximum response may be taken; this 
gives a value of 7-5 msec (Fig. 2). Considering that the experiments and 
assumptions on which these calculations are based are different, the agree- 
ment in the two estimates is remarkably good. 

The shape of the active state curve for this muscle may be inferred from 
these experiments. The curve rises abruptly at the end of the latent period to 
a maximum of 1-5 kg per cm* muscle cross-section. (The average value in the 
present experiments of 1 kg/cm* was low, probably because the experiments 
were of long duration and many tetani were given: the higher value was the 
response of fresh muscle to the first tetanus.) The activity remains high for 
about 5-7 msec and then begins to fall rapidly until, after a further 10-14 msec 
and at the peak of the isometric twitch, it is only 0-2 kg/em®. The muscle is 
too rapid for a direct determination of this curve (Hill, 1951) and this may be 
the cause of the anomalous results of Walker. From his records it would appear 
that the quick stretches in his experiments were probably not completed, and 
indeed in many were hardly begun, before internal relaxation occurred. 
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SUMMARY 


1. Force/velocity curves have been obtained for strips of rat diaphragm 
muscle at 37° C. These are hyperbolic and similar to those of frog muscle. 

2. The average value of a/P, was 0-25: the velocity of shortening about 
10 times the muscle length per sec and the same for twitch as for tetanus. 

3. The probable form of the active state curve for this muscle has been 


The experiments described in this paper were carried out in the Department of Physiology, 
University College, London. 
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The action of mersalyl on the ‘sodium pump’. By M. Z. E. A. Awap 
and R. J.8. McDowa.i, Department of Physiology, King’s College, London 


Mersaly] is used to promote the excretion of sodium chloride and water by the 
kidney, it is believed, by reducing tubular reabsorption. Minute doses do not 
apparently affect the isolated rat diaphragm in the Krebs solution, but they 
render it abnormally sensitive to the effects of anoxia. The failure of the 
preparation produced by the mersalyl and anoxia is relieved by reducing the 
sodium chloride in the Krebs solution. 


The effects of potassium in the all or none phenomenon. By 
A. M. Harris, R. J. 8. McDowa.t and A. F. Zayat. Department of 
Physiology, King’s College, London 

The isolated rat ventricle preparation is first stimulated and then depressed 

by potassium. It also normally shows the all or none phenomenon, but under 

the influence of potassium, a graded response to change of intensity of stimulus 


seen, 


The action of p-tubocurarine chloride in the rat oesophagus 
preparation. By B. Hucues and R. J. 8. Department of 
Physiology, King’s College, London 

The isolated rat oesophagus may be used as a striped muscle preparation, and 

responds to stimuli of short and long duration. Its response to short duration 

stimuli is abolished by p-tubocurarine chloride while that to long stimuli 
remains. 


An artificial circulation—revised model. By R. J. 8. McDowaLL 
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Some reactions of the isolated rat ventricle preparation. By R. J. 8. 
McDowatt and A. F. Zayat 


The effect of low sodium on tachyphylaxis. By R. J. 8. McDowa t, 
A. A. Sotman and A. E. Witson 


The appearance of lipid in the vaginal smears of the guinea-pig. 
By T. Nrcot and R. 8. SNELL 


Recording of fibrillation potentials in isolated rat diaphragm after 
denervation. By J. E. Hatt and J. A. C. Knox 


The blocking action of polymyxin E at the skeletal nerve muscle 
junction. By G. 


A method of studying the action of cardiovascular drugs by 
simultaneous records of the blood pressure and of the sciatic 


nerve gastrocnemius muscle preparation in the rat. By 
G. Paterson 


The action of some drugs and of electrical stimulation of the 
vago-sympathetic trunk upon the perfused frog heart. By 
B. N. C. Pricnarp 


A method for the study of drugs upon frog muscle fibres innervated 
by large or small diameter motor nerves using the isolated 


sciatic nerve ilio-fibularis muscle preparation. By J. P. 
QUILLIAM 


The use of the guinea-pig vas deferens to study drug antagonisms. 
By G. D. 


Cardiac output during exercise and recovery. By J. M. Bisuor, 
K. W. Donatp and O. L. Wang. (Film) 


The electrical properties of denervated skeletal muscle. By 
J.G@. Nicnotts. Biophysics Department, University College, London 
Skeletal muscle undergoes large changes of excitability after denervation, and 
‘it is of interest to know whether this can be related to changes in the passive 
electrical properties of the membrane. The membrane constants of denervated 
and normal frog muscle (M. ext. long. dig. IV) have been measured by the 
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rectangular pulse technique and external electrodes (Hodgkin & Rushton, 
1946; Katz, 1948). The constants are altered by denervation, and the results 
of thirteen experiments are summarized in Table 1. The length constant, A, is 
increased and the specific membrane resistance, R,,, is doubled. With the 
membrane capacity unchanged, this gives rise to an increased time constant. 
The resting and action potentials measured by intracellular microelectrodes 
are not changed after denervation. In 301 fibres from denervated sartorius 
muscles, the mean resting potential was 85 + 0-5 mV (s.z.) and for 118 normal 
fibres the mean was 85+0-9 mV. The mean reversed p.d. during the action 
potential was 25+1-0 mV for 118 denervated fibres, and 24+0-9mV for 
seventy-two normal fibres. The minimum current required to stimulate is 
reduced to approximately one-third after denervation, and this can be 
accounted for partly by the increase in R,,. In addition, there is a reduction 
in the critical depolarization at which impulses are initiated, which, with the 
increase in R,,, explains the increase in sensitivity to electrical stimulation. 
TaBLz 1. The average membrane constants and ACh threshold of thirteen pairs of 
denervated and normal muscles; the time of denervation was from 23 to 169 days 
Length Time Internal Membrane Membrane 


constant constant resistance resistance capacity ACh 
Muscle (A mm) (7 msec) (R,Qem) (R,,.Qem*) (C,,~F/em*) threshold 
Denervated 1-46 29-3 350 10,300 3-1 8x10 
Normal 1-06 17-2 328 4,970 4-1 8x10" 


But the increased sensitivity to ACh is many times too great to be accounted 
for in this way. The threshold dose of ACh which produces action potentials 
is reduced by a factor of one hundred, to 8 x 10-® (Table 1); the depolarization 
with threshold doses is restricted to a region corresponding to that of the 
‘end-plates’ in normal muscle (cf. Kuffler, 1943). At least 10,000 times more 
ACh is required to depolarize other parts of the muscle. 
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An effect of denervation on the rate of entry of potassium into 
frog muscle. By E. J. Harris and J. G. Nicnoitis. Biophysics 


Department, University College, London 


Following the results reported in the previous communication it was thought 

that a reduced membrane conductance of denervated muscle might be reflected 

in a diminished permeability to certain ions, notably K ions. Experiments 

were made in which pairs of frog sartorius muscles, one of each pair having 

been denervated at least 3 weeks beforehand, were exposed to a saline solution 
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containing a proportion of “K as tracer (methods and solutions as described 
by Harris (1953)). The gain of tracer in the first few hours was always less in 
the denervated muscle than in the control (in six pairs, reduced to 63-85 °%,). 
The net rate of gain of tracer K by the control muscles was similar to the 
values found previously, from a solution containing 3 m.mole K/l. Uptake in 
the first few hours (when the intracellular ““K content is low) is dependent 
upon the surface area and permeability of the membrane. Since the atrophy 
in the denervated muscles was only about 6% by weight the change in surface 
area was small. Consequently the reduction in uptake is indicative of a 
decrease in permeability. 

In one experiment, a pair of muscles was exposed to the tracer solution for 
a period about five times as long as usual (17 hr). The final amounts of tracer K 
taken up per gram intracellular K was the same in both muscles; there is no 
evidence, therefore, of different degrees of exchangeability of the K. 

Analyses of control and denervated muscles have also been made. These 
agree with those of Bogatzki & Fischer (1951) in that the denervated muscles 
contain equal or slightly less K than the controls, per unit weight tissue, 
provided that the atrophy is not great. In denervated muscles which had 
suffered considerable atrophy, the concentration of intracellular K was 
markedly decreased. 

The observations by Lyman (1942) that the tracer uptake into denervated 
muscle is higher than into the control, can probably be explained by the very 
short times of exposure to the tracer (less than 8 min); consequently any 
difference in extracellular space would play a predominant part in determining 
the amount of tracer taken up. In fact, when the exposure was increased to 


4hr in two of Lyman’s experiments, the denervated muscles showed a 
smaller uptake than the controls. 
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Sodium reabsorption and oxygen consumption in the rabbit's 
kidney after hexamethonium iodide. By R. V. Sztiwoop and 


M. G. Witutams. Physiology Laboratory, Hospital for Sick Children, Great 
Ormond Street, London 


Renal oxygen consumption, tubular sodium reabsorption, and plasma filtra- 
tion fraction have been estimated in rabbits anaesthetized with sodium pento- 
barbital and treated with hexamethonium iodide (4 mg/kg) to produce 
functional denervation of the kidneys. In all experiments mannitol was used 
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as a diuretic. Blood pressure was restored and maintained by infusion of fluid 
which was automatically controlled by the arterial pressure itself, Urine was 
collected from each ureter separately. The left renal vein was catheterized 
from the external jugular vein. 

In experiments on twenty animals, it was found that when filtration fraction 
was plotted against sodium reabsorption/unit oxygen consumption, points fell 
on three lines passing through the origin. Further, the constants of the lines 
were in the proportion 1:2:3. 

For each value of filtration fraction there are then three corresponding 
values for sodium reabsorption/unit oxygen consumption. As there is com- 
paratively little scatter at each level, this has been interpreted as indicating 
that at the lowest level sodium reabsorption is completely aerobic, while at 
the higher levels some sodium is reabsorbed ‘anaerobically’, first in the pro- 
portion of atom for atom, and then two atoms to one atom. 

Whether the renal tubule remains at one level of activity or shifts to another 
is determined in part at least by the oncotic pressure of the plasma. In general, 
as the oncotic pressure of the plasma i increases the reabsorption of sodium 
becomes more ‘anaerobic’. 

When sodium reabsorption is completely ‘aerobic’, excretion of sodium is 
relatively great, while when sodium reabsorption becomes in large part 
‘anaerobic’, excretion of sodium is relatively small. Exceptions to these two 
principles occur when a large volume of saline is infused. Despite the low 
oncotic pressure, tubular sodium reabsorption may return to a partly 
‘anaerobic’ state, but provided the plasma is being continuously diluted with 
fluid of low oncotic pressure, sodium excretion may become relatively 
enormous (up to one-quarter of filtered sodium). When the infusion ceases to 
dilute the plasma, excretion of sodium may decrease again, while quantities 
of fluid are retained within the tissues. 

It is clear from these results that the chemical activity and metabolism of 
the renal tubule are directly related to the physical forces governing 
glomerular filtration. 


The effect of cortisone acetate in protecting adrenalectomized 
and normal mice against cold stress. By G. A. H. BurTrtte, 
P. F. D’Arcy and E. M. Howarp. Pharmacology Department, School of 
Pharmacy, University of London 

It is well known that adrenalectomized animals are hypersensitive to stress. 

Hartman, Brownell & Crosby (1931) demonstrated that adrenalectomy 

increases the susceptibility of rats to cold stress. They showed that the 

resistance of adrenalectomized rats to low temperatures could be increased 

by the administration of adrenocortical extracts. Their findings were developed 
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by Selye & Schenker (1938), and other workers, into bioassay procedures for 
the determination of extracts of the adrenal cortex. 

Zarrow (1942) used mice, in place of rats, in performing cold protection 
tests on adrenocortical extracts; Dorfman, Shipley, Schiller & Horwitt (1946) 
also used mice but reported that the rat is a more suitable animal. Vogt 
(1951) maintained that although mice can be used for an assay procedure 
they have no advantage over rats. 

The present work was evolved from experiments designed to determine the 
maintenance dose of cortisone acetate to be used in an investigation of the 
effect of such a dose on the course of experimentally induced poliomyelitis in 
mice. Young male adrenalectomized mice were injected intramuscularly with 
various doses of cortisone acetate suspension. They were placed in individual 
cages in a refrigerator or cold room and inspected every 30 min until all or 
nearly all were dead. 

In another series of experiments, adrenalectomized animals were replaced 
by normal weanling mice. In the former case when the mean survival time of 
the individual groups were plotted against log. dose of cortisone acetate a linear 
relationship was found to exist. In the latter case, although the survival time 
was increased by cortisone acetate, the response was independent of the dose 
injected. 

From these investigations it appears that young adrenalectomized mice 
may be used in the performance of cold protection tests for the bioassay of 
adrenal cortical steroids. The method is rapid and the cost relatively low. 
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The renal response to acidosis during dehydration. By J. H. Corr. 
Department of Experimental Medicine, University of Cambridge, and 
Department of Physiology, Birmingham 


Trained bitches and 2-day-old puppies were subjected to a standard NH,C! 
acidosis (3-3 m.equiv/kg) administered intraperitoneally in isotonic solution, 
for two different periods of dehydration and under conditions of peritoneal 
dialysis (Cort, 1952). In the latter instance 2-5 g/kg of body weight of dextran 
were given intraperitoneally along with the NH,CI; this produced an accumu- 
lation of extracellular fluid in the peritoneal cavity without any change in the 
extracellular fluid composition, thus leaving the rest of the body with a depleted 
extracellular fluid volume. The results of these procedures are listed in Table 1. 
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Rach animal served as its own control, and the results have been summed in six 
groups; 6 hr total excretions (U.v.) in m.equiv/kg body weight above the 
predetermined base-line with two periods (A and B) of dehydration, and with 
dextran added to the intraperitoneal load (column C) in both bitch and puppy. 


TaBie | 
Dog Puppy_ 
A(10hr) (thr) A(2hr) (@hr) 
Na 0-69 0-31 0-17 1-05 0-64 0-45 
K 0-36 0-47 0-44 0-40 0-62 0-75 
1-62 1-83 1-97 0-03 0-02 0-04 
H,* 0-39 0-45 0-51 0-02 0-04 0-07 
Totals 3-06 3-16 3-09 1-50 1-32 1-31 


Six-hour excretions above base-line after NH,CI administration in m.equiv/kg body weight. 

* H,=m.equiv of hydrogen ion excreted combined with 
H,~P xkjk+1, where P is the total mau of phosphate in the urine sample, and k—antilog 

8 - pH ) 

H, = Pl kk +1) +1)), 
where k’ antilog 6-8). 

The adult dog showed a marked decrease in sodium excretion under condi- 
tions of dehydration or volume depletion, despite the co-existent acidosis. The 
decreased loss of sodium was compensated by inereased ammonia and H,PO, 
excretion, so that the total cation response remained the same in columns B 
and C. Similar results have just been reported by Schwartz, Jenson & Relman 
(1953). The puppy started with a greater loss of sodium than the adult, but 
decreased this loss in B and C. It could not compensate with ammonia and 
H,PO, excretion, however, because of the limitation of new-born tubular 
function (Cort & McCance, 1953). There was instead an increase in potassium 
excretion in columns B and OC, which failed, however, to maintain the total 
rate of cation excretion. New-born renal compensation of acidosis is more 
compromised, therefore, by dehydration or loss of extracellular fluid volume 


than adult. 
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The failure of local-circuit transmission at the nerve-muscle 
junction. By J. pet CastiLLo and B. Karz. Biophysics Department, 
University College, London 

When a constant current is passed through a nerve, electrotonic potentials 

spread beyond the electrodes and can be recorded at a distance of a few 

millimetres. If the current is sent through a motor nerve fibre, with one 
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electrode close to its peripheral ending, and a recording electrode is placed 
inside a muscle fibre, no electrotonic potential change can be detected on the 
other side of the synapse (cf. Kuffler, 1949). This indicates a failure of ‘cable 
transmission’ which might take place either in the terminal nerve branches, 
supposing their attenuation for subthreshold signals to be exceedingly high, 
or across the synaptic junction. We have evidence that the electrotonic 
potential does spread effectively to the terminals of the motor axon, for the 
constant current can produce striking changes in the firing rate of miniature 
end-plate potentials (Fatt & Katz, 1952). 

When the cathode is placed near the nerve endings, the frequency of miniature 
potentials increases with current strength in a graded manner. During anodic 
polarization of the nerve endings, no post-synaptic change is observed below 
a critical current strength. If this is exceeded, an outburst of miniature 
potentials occurs which may go on at a high frequency for several seconds 
after the break of the current. A related anodic ‘breakdown’ phenomenon 
is seen at the nodes of Ranvier of isolated axons: a steady anelectrotonic 
potential can be built up to a critical level, whose magnitude is of the order 
of the spike height. If this level is exceeded, the anodic potential breaks down 
in a fluctuating manner. 

We infer that a large electrotonic potential must have reached the motor 
nerve terminals to accelerate the firing of miniature e.p.p.’s, and yet failed to 
spread across the junction. This provides further evidence for the view that 
@ nerve impulse may be transmitted by ‘local-circuit action’ up to, but not 
beyond, the motor nerve terminals. 
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Facilitation at the nerve-muscle junction due to anodic polari- 
zation of nerve endings. By J. pet CastiLL0 and B. Karz. Biophysics 
Department, University College, London 

When nerve-muscle transmission has been blocked by curarine or prolonged 

stimulation, it is often found that the end-plate potential (recorded with 

internal electrode at a suitably close junction) increases in size when the 
terminal portion of the motor nerve is subjected to anodic polarization. 

Increases of the e.p.p. up to 85% have been observed at individual junctions. 

This observation appears to be related to the finding of Lloyd (1949), that 

synaptic transmission in the spinal cord is facilitated during the period of the 

positive after-potential following a series of afferent impulses. Lloyd suggested 
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that the amplitude and, therefore, the stimulating effect of a pre-synapiic 
spike increases during a period of hyperpolarization, and that this may account 
for post-tetanic potentiation at synapses. Our present findings lend further 
support to Lloyd’s hypothesis. 
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Some effects of ions and of drugs on the spontaneous fibrillation 
of denervated muscle in vitro. By J. E. Hatt and J. A. C. Knox. 
Department of Physiology, King’s College, London, W.C.2 


In a previous paper (Hall & Knox, 1952) it was shown that spontaneous 
fibrillation could be obtained in the isolated rat diaphragm after denervation, 
either in normal Tyrode’s solution or in Krebs’s solution with lowered K+ 
content. Alteration of the Ca*+ produced little change in the fibrillation. 

The effect of lowering the Na+ content of the Tyrode’s solution has now been 
investigated. When the Nat was reduced to 54% of normal (from 147 to 
79 m.mole/l., the osmotic pressure being maintained by the addition of 
sucrose) there was no significant effect on either the fibrillation potentials or 
the contractions of the denervated muscle stimulated directly. At 36% of the 
normal Na+ content fibrillation was maintained in recently denervated prepara- 
tions (up to 10 days) but contraction was decreased. In preparations denervated 
for over 10 days fibrillation usually ceased and contractions were reduced. At 
27°, Na+ fibrillation was still maintained in half the recently denervated 
preparations, whereas it was abolished in every case in the long-denervated 
ones. In both groups the contraction height fell very markedly. It thus 
appeared that the ‘sensitivity’ of the fibrillation to lowered Na+ became 
enhanced as the duration of denervation increased. In all cases when the 
fibrillation was abolished by low Nat some contractile response to direct 
stimulation remained. 

The observation of Jarcho, Berman, Eyzaguirre & Lilienthal (1951) that 
previous administration of p-tubocurarine did not prevent the depressant 
action of decamethonium on fibrillation was confirmed; and it was also found 
that the depressant action of acetylcholine was still present after curare, 
though the normal preliminary acceleration of the fibrillation by acetylcholine 
was usually abolished by the curare. 
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Haemoglobin levels of people living in the tropics. By G. R. 

Wapsworts. Department of Physiology, University of Malaya, Singapore 
There is some doubt about the effects of high environmental temperatures on 
the haemoglobin levels of man. Exposures of a few days to a few weeks are 
accompanied by a decrease of the haemoglobin concentration in the blood 
(Barcroft, Meakins, Davies, Scott, & Feller, 1923; Post & Spealman, 1948). 
The evidence about haemoglobin levels of people who are permanently living 
in a hot climate is contradictory (MacGregor & Loh, 1941), but it has been 
shown that such people have normal packed red cell volumes (Wadsworth, 
1952a) and red cell counts (Wadsworth, 19526). An investigation of haemo- 
globin levels was carried out in Singapore on well-nourished, healthy people. 
The temperature in this region lies between 23 and 32° C throughout the year 
with a humidity of 70-90%. The subjects were 336 men and 116 women of 
various races aged 20 to 40 years who had lived in Singapore for at least 
6 months before the present investigation. The haemoglobin concentration of 
venous blood was measured as oxyhaemoglobin using a Spekker absorptio- 
meter. The instrument was calibrated against the total iron content of blood 
and checked by estimations of oxygen-combining capacity. The mean haemo- 
globin concentration of men was 16-1 g/100 ml. and that of women was 
13-9 g/100 ml. There were no significant differences between the mean 
haemoglobin concentrations of various racial groups. The haemoglobin 
concentrations found in the present investigation agreed closely with those 
found among normal people in temperate climates. This suggests that the 
lowering of the haemoglobin level on first exposure to warmth is temporary 
and it adds weight to a suggestion (Wadsworth, 1952a) that a return of certain 
haematological values to normal may provide objective evidence of 
acclimatization. 
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The appreciation of passive movement of the metatarso- 
phalangeal joint of the great toe in man. By K. Browne and 
J. Lex. Department of Physiology, Charing Cross Hospital Medical 
School, London, W.C.2 

Clinically, proprioceptive joint sense at the metatarso-phalangeal joint of the 

great toe is tested by moving the toe up or down while the subject states 

whether a sensation of movement upwards or downwards is felt. Previous 

authors, Winter (1912), Laidlow & Hamilton (1937a, b), and Cleghorn & 
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Darcus (1952) used continuous movements, the subject responding when 
movement was appreciated, but they did not inform their subject in which 
direction movement would take place; slow speeds of rotation were used. In 
the present investigation faster speeds of rotation (1° and 2°/sec) were used 
and the subjects were informed in which direction movement would take place 
with instructions that they should only respond when movement in the stated 
direction was appreciated with certainty. 

The subject was seated comfortably with eyes closed, one foot resting on 
a foot rest and the entire great toe clamped between rubber pads. All move- 
ments started from an arbitrary resting position. An electric drive incor- 
porating a kymograph drum was used to move the great toe in such a way 
that the spindle of the drum was in the same axis as that of the metatarso- 
phalangea] joint. 

In practice the subject was told to prepare to detect. movement of the great 
toe either up or down and at this time depressed a signal key actuating a pen 
on the drum. After a short but variable interval the motor was started by 
a noiseless switch. As soon as a sensation of movement in the stated direction 
was appreciated with certainty, the subject released the key, so indicating the 
angular displacement of the joint necessary for appreciation. To verify the 
accuracy of the drum records, joint movements were measured radiographically 
in three cases and were found to agree within 1-5° with the records for-arces up 
to 20°. 

This procedure was carried out on eighty-four medical students, downward 
movement being measured. On a stratified sample of forty-four, the measure- 
ments were repeated and on thirty an upward movement was also measured. 

It was found that for each subject the threshold for appreciation of angular 
displacement was fairly uniform, but there was a wide scatter for different 
individuals. No significant difference was detected between average angles 
for left and right foot, with varying speeds, or direction of movement. The 
average angle at which sensation was appreciated with certainty was about 5°. 
Ten subjects did not appreciate movement until an angle of 15° was exceeded. 
Five of these had obvious impairment of passive joint sense of the great toe 
when tested clinically. One of these five had impairment of passive joint sense 
of most of the peripheral joints of the body. The remaining five would have 
been missed by clinical examination. 

In all ten the apparent impairment of passive joint sense disappeared on 
clinical examination when the subjects voluntarily produced a tonic contrac- 
tion of the leg muscles. 
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Cone and rod thresholds. By G. B. Arpen and R. A. Werte. 
M.R.C. Group for Research in the Physiology of Vision, Institute of 
Ophthalmology, Judd Street, London, W.C.1 


Dark-adaptation curves have been measured for two observers by means of 
a Crookes adaptometer. Both the central fovea (cent.) and an extrafoveal 
region (ext.), the latter at an eccentricity of 8° in the right visual field of the 
left eye, were examined. The cent. was tested with fields subtending angles of 
2-7’ and 15’, the ext. with field-sizes of 2-7’ and 7°. 

It was found that the 2-7’ thresholds of the cent. and ext., though decreasing 
at very different rates (cent. faster than ext). were nearly the same after 
15 min: this suggests that the concentrations of the photo-sensitive pigments 
of the centtal and extra-foveal regions are comparable. 

As regards the extra-foveal results, it was found that the larger field pro- 
duced lower threshold data at a faster rate than could be accounted for simply 
on the basis of the spatial integration of individual subthreshold stimuli: this 
may well be due to the stimulation of a larger retinal region facilitating the 
rapid recruitment of sensory paths. 


Minute to minute changes in cardiac output by the direct Fick 
method in normal subjects during exercise and recovery. 
_ By J. M. Bisnor, K. W. Donatp and O. L. Wave. Department of 
Medicine, Queen Elizabeth Hospital, Birmingham 
The object of the study was to determine how soon a steady state is established 
and to define limits of normality for the relation of arteriovenous difference 
to cardiac output and oxygen consumption. Subjects exercised in the horizontal 
position on a bicycle ergometer which permitted a constant level of work. 
Expired air was collected in a Tissot spirometer, the tracing of which was 
interrupted at minute intervals, and was sampled, by a side arm in the circuit 
leading to the spirometer, at a constant rate throughout about 50 sec of each 
minute. Mixed venous blood from the pulmonary artery was sampled three 
or four times each minute during 5 min of exercise and 5 min of recovery, while 
arterial samples were taken at about minute intervals. Pulmonary and 
systemic arterial pressure tracings were taken frequently. Estimations of 
percentage oxygen saturation were made by a spectrophotometric method 
(Wade, Bishop, Cumming & Donald, 1953) and a curve of mixed venous blood 
saturation plotted over the 10 min period. From this the mean arteriovenous 
difference for each minute was determined and the mean cardiac output 
calculated. 
Sixteen subjects, all volunteers to whom the nature of the procedure had 
been fully explained, aged 19-52, were divided into four groups, each comprising 
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three males and one female. The members of each group exercised at one 
of four levels producing mean oxygen uptakes of 295, 398, 561, and 
1046 ml./min/m?. 
Conclusions 
(1) After approximately 1 min of exercise the mixed venous blood satura- 
tion was steady, and judging by the relationship of arteriovenous difference 
and cardiac output to oxygen consumption, a steady state had been reached 


in all subjects except one female performing very heavy exercise. 


(2) Cardiac output increased proportionately to the mean increase in 
oxygen uptake in the group, such that for a rise in oxygen uptake of 
100 ml./min/m* the cardiac index increased by about 0-5 1./min/m?. 

(3) During recovery a steady state was reached after 1 min except in the 
group performing very heavy work. 

(4) There was a rise in pulmonary artery mean pressure in all except one 
subject during exercise, roughly proportional to the cardiac output attained; 
the highest pressure recorded was 52 mm Hg. 

The work was generously supported by a grant from the Endowment Research Fund of the 
United Birmingham Hospitals. 
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The effect of mean pressure and rate of pulsation on the impulse 


activity of the common carotid baroceptor nerve. By J. H. Green 


The intrinsic musculature of the larynx in the cat. By J. H. Green 
and E. Nem 


Parturition in the rabbit. By K. J. Frawxuin and N. E. Winstone 


Some observations on sweat gland fatigue. By W. 8. 8. Lape. 


“Mesenteric preganglionic fibres. By H. McLznwan and J. E. Pascoz 
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An inexpensive precision stereotaxic instrument. By J. H. Corr and 
H. F. Harpine. Department of Physiology, University of Birmingham 
The instrument has been designed using standard, mass-produced parts con- 
sisting of an angle bracket, a compound lathe slide with angular rotation, and 
a single lathe slide. Total cost of parts was £16. 0s. 0d. Both slides have been 
mounted orthogonally on the angle bracket, the double slide serving as a needle 
holder, the single slide being fitted with a plate and head holder (for both rats 
and cats) to support the animal. The animal plate can be moved 90° on the 
surface of the single slide. Scales have been fitted with 4 mm calibrations. 
The slide screws are calibrated in z;/55 in., so that by combining both scales 
accuracy to 0-025 mm is possible. Furthermore, the needle holder (with a 
Tufnol fitting so that the actual needle is insulated from the framework) can 
be angulated in 1° steps from 0 to 45° in either direction in both the lateral and 
antero-posterior planes (depending on the orientation of the animal plate), the 
latter direction being useful for work in the posterior fossa. The head holder is 
designed, with mm calibrations on the ear bars, to conform with the 0 planes 
\ defined by Horsley & Clarke (1908), and Krieg’s co-ordinate maps for the rat 
(1946) may be used with the instrument by transformation of scale. The 
apparatus is extremely sturdy and accurate and combines all the degrees of 
freedom found in far more expensive, custom-made, instruments. 
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A leak-proof circulating fan. By E. E. Dowser and J. Frienp.* 
Department of Medicine, The Middlesex Hospital, W.1 

Dissatisfaction with circulating fans which required a gland on the spindle 

to make them air-tight stimulated the construction of this fan. It is leak- 

proof. 


* Saltwell Research Scholar, Royal College of Physicians. 
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A 2-pole induction motor (230 V, 50 c/s) has been used, the rotor (#), sup- 
ported at each end on a ball-race, being incorporated with the fan-blades (F) 
in the circuit, whilst the stator (S) is excluded. 

Space for the 20 s.w.g. brass cylinder (joined above to the base-plate of the 
fan chamber) can be made either by reducing the rotor diameter or by in- 
creasing the bore of the stator. This increased rotor-stator gap does not seriously 


impair the motor’s efficiency, a fan of 7-5 cm diameter and 2-5 cm depth having 
a free-air output of 100 1./min and an in-circuit output of 40 1./min. Additional 
advantages of this fan are its relative freedom from noise and vibration and 
the absence of danger of sparking igniting the circuit gas. 

We are indebted to Mr H. E. A. Talley for the suggestion of this type of fan unit. 


A method for the analysis of the functioning of oxygen equipment. 
By D. 1. Fryer and P. Howarp. R.A.F. Institute of Aviation Medicine, 
Farnborough 

In order to estimate accurately the efficiency of aircraft oxygen apparatus, it 

is essential to be able to record the behaviour of the system during each respira- 

tion under varying conditions of simulated altitude and activity. By using 
strain gauge manometers and a pressure drop anemometer this is now possible, 
and a more critical assessment of the features of equipment is feasible. 


A two-channel chronograph. By G. D. Dawson and A, Exrruorn. 
Neurological Research Unit, National Hospital, Queen Square, London, 
W.C.1 

The instrument to be demonstrated was designed to allow good resolution of 

small time intervals with economy of recording material, and to make 

unnecessary any measurement of the records. A strip of electrically sensitive 
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(Teledeltos) paper is drawn between a metal edge, in contact with its back 
surface, and a spiral contact which touches its front surface. The spiral contact 
js mounted on a drum which rotates at 10 rev/sec. The point of contact of the 
spiral with the paper therefore sweeps across the width of the paper in 


100 msec. Contacts geared to the spindle carrying the spiral, discharge a con- 
denser through the recording paper, between the spiral and the edge, every 
twentieth of a revolution, i.e. every 5 msec. Columns of 20 marks therefore 
appear at 1-2 mm intervals along the recording paper, depending on the speed 
: at which it is pulled forward. 

A contact is arranged to close for the duration of the interval to be timed 


, and to apply the condenser discharges to the spiral. The duration of the event 
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is then found from the number of complete columns of 20 dots (each column 
=(-1 sec) and the number of dots in the incomplete columns at the start and 
finish (each dot =0-005 sec). A time resolution of plus or minus 0-005 sec is 
obtained with a rate of expenditure of recording paper of less than 2 cm/sec. 
The indicated duration of the interval being timed is subject to an uncertainty 
of plus or minus 5 msec; apart from this the accuracy of the device is entirely 
related to the constancy of speed of the driving motor. In the present applica- 
tion a synchronous motor driven from the 50 c/s mains is used and gives an 
accuracy of plus or minus 2%. For higher accuracies a motor controlled by 
a tuning fork or a quartz crystal may be used. When long intervals are to be 
timed.an auxiliary marker may be arranged to indicate every tenth complete 
column or complete second. 

The illustration shows the spirals of the two channels, which are insulated 
from one another but mounted on a common spindle, and the type of record 


produced. 


An electronic colloid osmometer. By D. 8. Rows. Department of 
Experimental Pathology, University of Birmingham | 


This apparatus measures the colloid osmotic pressure of 0-5 ml. of plasma 
rapidly, and with an accuracy of +0-5 mm of water. 

The movement of solvent through the semi-permeable membrane F due to 
the osmotic pressure of solution C is opposed by a pressure applied to C. When 
the tap H is closed, movements of small volumes of solvent through F produce 
pressure changes in the solvent compartment, causing movements of the 
lacquered brass foil J, which are detected by a RCA 5734 transducer M. The 
movable anode of the transducer is connected to J by the rod Q and the spring P. 
(P gives the anode freedom to pivot about the diaphragm 0.) Movements of 
the anode are detected by a Cambridge spot galvanometer in a bridge circuit. 

The transducer is shielded from draughts by a Perspex casing, and thermally 
insulated from J by the Tufnol block R. 

The membrane is supported on a domed stainless steel disk G having 
circular grooves on its upper surface connected by radial grooves to a central 
hole. The groove width and hole diameter are approximately 0-25 mm; the 
radius of the dome is 22 mm. The membrane F serves also as a gasket for 
solution and solvent columns, and is perforated over the solvent aperture. 

The Perspex block £ is clamped to J by six 2 BA studs projecting from J. 
The temperature of C is measured with a varnished copper-constantan 
thermocouple 8. 

Operation. The colloid and solvent compartments are filled with a solvent 
containing a trace of sodium azide, which prevents bacterial destruction of the 
membrane. The solvent used for serum is a mixture of electrolytes, urea and 
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glucose in physiological concentrations. Ninety minutes after switching on 
the transducer heater and h.t. circuits, the galvanometer reading is noted for 
a series of differences of fluid levels of C and D. Galvanometer reading is taken 
as the change in deflexion on opening the tap 60 sec after closing the tap, thus 
eliminating the effect of electrical drift during the period with the tap closed. 
Readings are plotted against pressure differences ; zero pressure should coincide 
with zero defiexion. The plot is linear, the slope being an index of membrane 
permeability. Minimal greasing of the tap prevents pressure change due to 
tap closure. 


From manometer and air-pressure reservoir 
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Fig. 1. A, B19 socket; B, glass tubes of identical bore; C, colloidal solution; D, solvent; £Z, 
Perspex; F, semi-permeable membrane; G, stainless steel membrane support; H, tap; 
I, brass foil 0-002 in. thick; J, stainless steel; K, phosphor-bronze bush; L, locking screw; 
M, transducer wires to bridge circuit; NV, phosphor-bronze support; 0, transducer diaphragm ; 
P, spring steel; Q, steel rod; R, Tufnol block; 8S, thermocouple. 


F 


The solvent in C is then replaced by an isothermal colloidal solution. An 
approximate balancing pressure is applied for 30 min with the tap closed. The 
now stable balancing pressure (osmotic pressure) is accurately measured by 
the graphic method described above. 

The osmotic pressure of other solutions may be measured with the same 
membrane (prepared by the method of Wells, 1932), which gives stable 
Osmotic pressures with the same solution in the osmometer for at least 4 days. 
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This design has been inspired by an osmometer described by Hansen (1952), 
and has been used on serum, plasma, albumin and transfusion dextran. 

A patent application has been made on behalf of the Medical Research Council in respect of the 
osmometer 


I wish to thank Prof. J. R. Squire for his active help and encouragement. This work has been 
done during the tenure of a grant from the Medical Research Council. 
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A quantitative method of cell culture. By L. M. Rinatpin1. Physiological 
Laboratory and Strangeways Research Laboratory, Cambridge 


A method is described for growing isolated animal cells in vitro which gives 
a direct measurement of growth and makes it possible to collect known 
numbers of living cells for analysis at different intervals. 

Moscona’s (1952) technique for disintegrating early embryonic rudiments 
based on tryptic digestion in solutions free from Ca++ and Mg** was modified 
by adding sodium citrate and by introducing mechanical agitation with glass 
beads to accelerate the breakdown of the intercellular matrix. In this way 
it has been possible to obtain cell suspensions from a variety of embryonic, 
adult and malignant tissues including heart and skeletal muscle, skin, brain, 
liver and intestine. 

The tissues are finely divided with very sharp cataract knives in order to 
facilitate washing of blood corpuscles and to increase the surface, washed twice 
in Tyrode’s solution in which calcium and magnesium salts have been substi- 
tuted by equimolecular quantities of sodium citrate, and incubated for 
5-10 min at 37° in a tube containing a few glass beads and a small volume 
(just sufficient to cover the tissue and the beads) of a 2% solution of a crude 
Trypsin preparation (BDH powder) in the same saline (cleared by centrifuga- 
tion and sterilized by filtration). The tissue fragments are then gently shaken, 
allowed to settle, and the turbid supernatant diluted in Ca-Mg-deficient saline, 
transferred to a short, wide tube and filtered through a small stainless steel 
grid (as used in RCA electron microscopes) adapted to the nozzle of a syringe 
by means of a tight-fitting metal cap. Both filter and syringe are coated with 
silicone grease to provide a smooth, non-wettable surface and to avoid leakage 
of large cell clusters. The cells are gently centrifuged, resuspended evenly in 
culture medium and two drops are taken for haemocytometer counts. The 
suspension is now ready for planting in roller tubes, flasks,* or Warburg 

® A special culture flask has been designed which permits easy access to any part of it and is 


suitable for low power microscopical examination. This can now be obtained from Messrs 8. R. 
Goldwin Ltd., 50a Burleigh Street, Cambridge. 
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manometer vessels. The cells may be allowed to settle on the bottom of the 
flask or alternatively anchored by previously coating the glass with a thin film 
of blood plasma. A fluid nutrient medium is added and renewed every 24 or 


_ 48 hr; if no clot is used the medium has to be centrifuged after each change 


to avoid any loss of cells, 

All the non-viable cells which die during the first 24-48 hr can be eliminated 
by a second trypsin digestion, and after centrifugation a new suspension of 
practically 100% viable cells is obtained and can be cultured as before. The 
fact that trypsin digests dead but not living cells has been known since the 
times of Claude Bernard and was clearly demonstrated by Northrop (1926, 
1947). 

Pooled and frozen-dried components were used in order to keep the composi- 
tion of the medium constant since small variations induced significant changes 
in growth-rate. 

Quantitative growth measurements have so far only been made on embryonic 
chick heart fibroblasts. A population of 12-day-old chick embryo heart fibro- 
blasts subcultured in a medium consisting of 10°% concentrated embryo 
extract, 20% horse serum and 70% Tyrode containing 0-4 °%, glucose doubles 
in number approximately every 24 hr, corresponding to a mitotic index of 
about 4%, but there is a limit to the number of cells that can grow satisfactorily 
per unit area. With an initial cell density of the order of 5 x 10° cells per cm? 
per 0-1 ml. of nutrient medium, zones of necrosis due to overcrowding begin 
to appear after 5 or 6 days of cultivation in spite of frequent renewal of the 
medium, so that it was found necessary under these conditions to subculture 
after 4 days to obtain a continuous logarithmic increase. 

The recovery of viable cells by trypsin digestion is quantitative within about 
10%. In growing cultures, the deviations of any individual tube from the 
average remain within 20% during the logarithmic phase of growth. A further 
advantage to be derived from the use of trypsin is that the fibrin gel as well as 
the fresh intercellular matrix laid down by the cells are readily digested, 
permitting washing of the cells and thus eliminating artifacts in chemical 
analyses of the cell suspensions due to contamination with components from 
the medium. 

Needless to say, strict sterility has to be preserved throughout but other- 
wise no special equipment is required. 

Thanks are due to Dr H. B. Fell, Dr E. N. Willmer and Dr W. Jacobson for interesting 
comments and suggestions. 
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A new type of rotating chair for the investigation of semi-circular 
canal function. By G. H. Byrorp, C. 8. Hatirixe and J. D. Hoop. 
Otological Research Unit, Medical Research Council, The National Hospital, 
Queen Square, London 

The chair is activated by a velodyne mechanism (Byford, Hallpike & Hood, 

1952); range of accelerations: 0-1-10°/sec/sec in steps of 0-1°/sec/sec. The 

duration of the acceleration is determined by an upper limit of angular 

velocity, 150°/sec, which is imposed by certain physiological considerations. 

Thus an angular acceleration of 1°/sec/sec can be sustained for 150 sec. By 

means of suitable arrangements of prisms a fixed and enlarged image of the 

subject’s eye can be seen by a stationary observer. This greatly facilitates the 
observation of vestibular nystagmus. Provision is made for the simultaneous 
application of optokinetic stimulation. 

The equipment has been used for (1) computation of the physical constants 
of the human cupulo-endolymph system, (2) investigation of the part played 
by adaptation in modifying the nystagmic responses to prolonged cupular 
deflexions. 

REFERENCE 


Byford, G. H., Hallpike, ©. 8. & Hood, J. D. (1952). Acta oto-laryng., Stockh., 42, 511. 


A new head-holder for rabbits. By C. Best, R. Botam and 
C. 8. Hatiprxe. Otological Research Unit, Medical Research Council, The 
National Hospital, Queen Square, London 

The well-known Czermak head-holder provides insufficient fixation for such 

purposes as the recording of ocular nystagmus. The instrument shown in the 


diagrams can be readily applied, causes no injury and provides an extreme 
degree of immobility. Its method of operation is as follows: the head is laid 
with the lower margins of the mandible upon the two horizontal rods A and B. 
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Upon the four fixed points, so provided, the head is pressed down by means of 
the central pad C, which bears upon the upper surface of the nose immediately 
in front of the orbits. This combination prevents vertical movements or side- 
to-side rolling of the head. Antero-posterior fixation of the head is obtained 
by means of the two vertical posts # and F against which the head is advanced 
so as to bring them into tight contact with the anterior edges of the inferior 
margins of the orbits. The distance between the posts is continuously adjust- 
able by means of a screw and embraces the front part of the skull thus pre- 
venting its lateral movement. The forward thrust of the skull against the posts 
is rigidly maintained by means of a screw controlled member pulling forwards 
upon the cross bar G which lies behind the incisors. 


The effect of ischaemia on finger tremor. By A. M. Hatiimay and 
J. W. T. Reprearn. Medical Research Council Neurological Research 
Unit, The National Hospital for Nervous Diseases, Queen Square, London, 
W.C.1 and The Army Operational Research Group, West Byfleet, Surrey 


Tremor can be recorded by arranging that the trembling part (e.g. the finger 
or forearm) interrupts a parallel beam of light playing through a vertical slit 
onto a photoelectric cell (Hagles, Halliday & Redfearn, 1953). By suitable 
amplifiers and differentiating circuits a record can be obtained of the changes 
in position, and of the velocity and acceleration of the movements. Provided 
the mass remains constant, the acceleration record gives a measure of the 
resultant of the forces acting on the part. 

Records of finger and forearm tremor can be readily obtained in this way. 
In the finger it has been found that there are three broad frequency bands in 
normal tremor, 1-4, 6-12 and 15-30 c/s. 

By putting a sphygmomanometer cuff on the arm just above the elbow and 
inflating it to 220 mm Hg, normal tremor is depressed within 60sec and 
abolished in some subjects within 2-3 min. In others the tremor takes a few 
minutes longer to disappear. A similar phenomenon was reported by Wechsler 
(1930) in the case of Parkinsonian tremor, and we have confirmed this finding. 
On release of the cuff, the tremor begins to return within about a minute or 
less, and normal levels of activity are reached within 3-4 min, although the 
tremor may show certain unusual features, including large irregular jerks or 
twitches, such as are also found in the tremor of an acutely fatigued muscle 
(Eagles et al. 1953). All frequencies of tremor appear to be equally affected by 
ischaemia. It has not been possible to demonstrate any concomitant changes 
in the threshold of the stretch reflex, recorded electromyographically, of 
sufficient magnitude to provide an explanation of the tremor changes, although 
the percentage of positive responses is progressively reduced. The reflex con- 
tinues to be active until ischaemic paralysis develops. Furthermore, there is 
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virtually no diminution in the power of maximal voluntary contraction until 
several minutes after the tremor has disappeared. 

This effect of ischaemia on finger tremor is not seen if the radial nerve is 
compressed above the elbow for a sufficiently long period to produce numbness 
and paresthesiae over the area of radial distribution in the hand, and weakness 
of the extensors of the fingers. 
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Closed -circuit oxygen apparatus as used on Mount Everest, 1953. 
By R. B. Bourprt1on and T. D. BourDILLon 


The open-circuit oxygen equipment used by the British Mount 


Everest Expedition. By J. E. Cores, M.R.C. Pnewmoconiosis 
Research Unit, Cardiff 


The apparatus was based upon that introduced into the R.A.F. in 1940 and used 
throughout the greater part of the war. 

Oxygen from a high-pressure cylinder is fed at a constant rate through a 
reducing valve and flow regulator into an ‘economizer’, whence it is ejected 
into the oxygen mask during inspiration to enrich the air which the subject 
breathes. During expiration the oxygen fills up the economizer bag. The 
opening pressures of the air-mix inspiratory valves on the mask are adjusted 
to exceed the negative pressure needed to start the discharge of oxygen from 
the economizer; the oxygen available in the economizer bag at the beginning 
of each breath is fed into the mask at a constant rate during the early part of 
the breath and none is expended in enriching the dead space air. The oxygen 
contained in the expired air is wasted to the atmosphere. 

Of the component items of equipment some were made specially, others were 
modified from standard items. They are assembled to form disposable cylinder 
units each containing 880 1. of oxygen. Up to three units mounted on a light- 
weight carrying frame supplied low-pressure oxygen to the economizer. The 
oxygen mask was modified from a standard R.A.F. item by fitting different 
valves and a protective rubber cowl. It had an acceptable flow resistance for 
maximal effort and did not freeze up when worn at ~25° Cin a 25 m.p.h. 
wind at ground-level for 14 hr. There were also soft rubber masks for night 
use. Oxygen delivery rates of 1-6 n.1.P. 1./min were provided. The intention 
was to raise the oxygen tension of the air breathed from that obtaining at 
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29,000 ft. to that at 17,500 ft., the altitude to which the subject was fully 
acclimatized (Roxburgh, 1947). Greater flows, whilst increasing climbing 
ability, would have exposed the subject to the danger of losing the benefits 
of acclimatization. 

Individual items of equipment will be demonstrated. The equipment was 
prepared for the expedition from a number of sources co-ordinated by the 
High Altitude Committee of the Medical Research Council. 


REFERENCE 
Roxburgh, H. L. (1947). Geogr. J. 109, 207. 


Technique employed for measuring respiratory exchanges on 
Mount Everest, 1953. By L.G. C. E. Puas. Division of Human 
Physiology, National Institute for Medical Research, London 


The conventional apparatus used for measuring respiratory exchange by the 
bag method is not very suitable in situations where the bulk and weight of 
apparatus has to be kept to a minimum and where the lung ventilation of the 
subjects is greater than 60 1./min. Such was the case on two recent Himalayan 
expeditions (Cho Oyu, 1952; Everest, 1953), where the ventilation and oxygen 
consumption of men working at high altitude was studied. In order to over- 
come these difficulties the following technique was employed. 

Apparatus. (a) Douglas bags of 100, 200 and 300 1. capacity, made of light 
weight rubber-coated linen fabric (Durlop) and weighing 1-2 lb. 

(6) Intestinal clamps for closing the bags. 

(c) An aneroid manometer (H. K. Monroe) calibrated in mm of water 
from 0 to 150. 

(d) Quick response thermometers (Casella) of the type used in sling 
hygrometers. 

(e) A2ft. length of lin. internal diameter alkathene tube bentin a curve to 
pass over the subject’s head from the valve unit to the bag carried on his back. 

(f) A Scholander Gas Analyser in a fibre glass case, so constructed as to 
allow the apparatus to be carried about without being dismantled. 

(g) Low-resistance valve boxes of various patterns. 

Method. In the collection of expired air during work, the subject starts the 
test carrying on his back an empty bag closed with a clamp. This is connected 
with the valve box via the alkathene tube passing over the head. The subject, 
wearing a nose clip, holds the valve box in front of his face ready to place the 
mouthpiece in his mouth at a signal. After 5 min work the signal is given to 
start collecting. This is done at the end of an expiration so that the subject 
__ has the next inspiration in which to place the mouthpiece in his mouth, and the 
assistant has this amount of time to remove the clamp from the neck of the 
bag. Expired air is collected until the bag is full, whereupon pressure builds 
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up rapidly until further expiration becomes difficult. At a second signal at the 
end of an expiration, the assistant clamps the neck of the bag and the subject 
removes his mouthpiece. Time elapsing between the two signals is recorded by 
stopwatch. 

After the bag has stood for some minutes to allow its contents to cool to 
near ambient temperature, the pressure of the expired airin the bag is measured 
with the aneroid manometer, and the volume corresponding to this pressure 
is read off on a pressure-volume chart. After taking a sample for analysis, 


the clamp is released and a Casella thermometer is thrust as far as possible — 


up the neck of the bag. The air is allowed to escape slowly and its temperature 
- js measured over 1 min as it flows along the neck of the bag. 
The chief source of error lies in the measurement of temperature. It is not 
always convenient to allow time for the expired air to cool to room temper- 
ature, particularly if the bag has not been inflated tightly enough and becomes 
flaccid as it cools. 

Errors of temperature measurement are not likely to exceed 2-3° C and 
will only affect the volume measurement to the degree of 1%. The fact that 
the last two or three respirations are made against increasing resistance may 
introduce a slight error in the measurement of minute volume, but this effect 


is negligible when such large bags are used. 
Tas_e 1. Ventilation in a subject standing up and down on a bench 24 times per min 
Subj 
G.P. G.P. 
Time 12 in. bench Time 20 in. bench 
elapsed 6- Nov. 1953 Ventilation elapsed 1 Jan. 1953 Ventilation 
(min) Method 1./min 8.7.P.D. (min) Method L/min 8.7.P.D. 
10 Pressure volume 34-0 68 Pressure volume 53-1 
20 Bag and gas-meter 32-3 82 Pressure volume 53-0 
36 Pressure volume 37-0 89 Pressure volume 51:8 
47 Bag and gas-meter 33-5 114 Bag and gas-meter 516 


50 Pressure volume 33-3 119 Bag and gas-meter 51-0 


Table 1 gives an example of the results obtained by the pressure-volume 
method described above and by the ordinary method of measuring ventilation 
in which the expired air is collected in a bag over a given number of minutes 
and the bag emptied through a gas-meter. 


Sensory nerve endings in the human palate. By F. W. Garrns. 
Institute of Physiology, University of Glasgow 

This demonstration illustrates results in the further study of the innervation 
of the palate (Gairns, 1951). The hard and soft palates and the uvula in adults 
have been examined using the silver diammine ion (Bielschowsky-Gros) 
method (Garven & Gairns, 1952). 

In the hard palate, in addition to the free endings in the subepithelial and 
epidermal layers, many forms of organized ending are found in the dermal 
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papillae. Krause end-bulbs occur in the subpapillary layer of the dermis. Some 
of the organized endings show definite capsules, others do not. In the loose 
coiling form, fine neurofibrillar nets can be seen in the terminal expansion. 
Most characteristic of this region, however, are the organized endings in the 
dermal papillae which show ‘ultra-terminal’ fibres; these pass into the epi- 
dermis and extend in a relatively straight course to the outermost layers of this 
epithelium (Fig. 1). Their course indeed in some instances is so direct that they 
appear to pass through the epithelial cells. 


— 

= 


: Fig. 1. Human hard palate. Two different impregnations showing ‘ultra-terminal’ fibres passing 
from organized endings in the dermal papillae to penetrate nearly the whole thickness of the 
epidermis. Silver diammine ion (Bielschowsky-Gros) method. Untouched photomicrographs. 


In the soft palate free nerve endings and fewer but similar organized endings 
are found. Noexample of the ultra-terminal fibre has, however, been seen here. 

In the uvula the pattern of innervation is different. Larger numbers of 
small nerve bundles lie in the dermis. Here the branching fibres giving rise 
to the free endings are numerous, the branches are closely arranged and the 
fibrils are markedly beaded. The organized endings are uniform in type though 
they vary considerably insize. The constituent fibres forming these bulbs are fine 
and within the bulbs beaded fibres are common. ‘Ultra-terminal’ fibres have 


not been found in the uvula. 
| REFERENCES 
Gairns, F. W. (1951). J. Physiol. 115, 70 P. 
Garven, H. 8. D. & Gairna, F. W. (1952). Quarl. J. exp. Physiol. 37, 131. 
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A method of making audible fluctuations in the 0-1-20 c/s range. 
By J. A. V. Bares and J. D. Coorzr 


A simple electronic circuit for measuring a voltage-time integral. 
By J. A. V. Bares and J. D. Coopzr. Neurological Research Unit, 
Medical Research Council, National Hospital, Queen Square, London,W.C.1 


This circuit was designed for the purpose of obtaining a continuous record of 
the integral of the numerical value of a voltage wave-form such as the output 
of an electromyograph. A simplified description of its operation is as follows. 
Push-pull inputs reaching peak potentials of 10-200 V are suitable. They are 
first made unipolar (+ve) by full-wave rectification in the double diode V,, 
and are then used as the grid return potential of V,, a transitron-Miller 
integrator. This circuit is a version of the screen-coupled phantastron described 
by Williams & Moody (1946). The rate of fall of potential at V, anode is pro- 
portional to the current in the grid-return resistor R, which in its turn depends 
upon the input voltage. When the anode bottoms, transitron action resets the 
circuit in approximately 20 usec and one cycle of operation is complete. The 
rapid resetting is assisted by a cathode-follower V,(a) from which a pulse 
coincident with the resetting is fed to V,(6), a cathode-follower output stage. 
This stage provides positive going pulses of approximately 25 V amplitude, 
50 usec duration, and is shown matched for loading down to 20k. Each pulse 
signals the arrival of one unit voltage-time integral in the input wave-form. 
After suitable calibration a count of the pulses in a known period of time can 
give a direct measure of the average numerical value of the input voltage. The 
actual frequency of the pulses (f) is given approximately by the equation 
ing where = voltage input at P; = voltagechange at V,(a) cathode; 
C=Miller condenser (uF); R,=grid-return resistance (MQ). Calibration is 
effected by disconnecting the input and relating the output pulse frequency 
to the voltage read on a meter using potentiometer R, to give various steady 
input voltages. This relation holds sensibly linear down to 0-5 V. 


When R, is at zero the circuit should be quiescent but on the point of firing, 3 


and this state is achieved by adjustment of R, which compensates for electrode 
potentials on V, and V,. With the values shown on the circuit an integral of 
1 V-sec produces approximately 10 pulses at the output, and this can be made 
exact by adjustment of R,. To obtain a different proportionality the value of 
R, and C may be changed, but if C is reduced or R, increased the impedance 
at the grid of V, will rise, and if this is allowed to get too high beat effects may 
be caused due to a.c. interference; alternatively, increasing C may undesirably 
lengthen the resetting time, and reducing R, to 1 MQ will lead to an error due 
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to a charge in the input condensers equivalent to a reduction of input voltage 
by approximately 1%. All condensers should be of low leakage, particularly 
C, whilst for highest accuracy a fixed high stability resistor should be sub- 
stituted for R,. The other resistors may be 20%, tolerance. A critical point in 
construction is to keep the grid leads to V, short and screened frogh a.c. 


+120V.10mA 
(approx.) 
$470k 


The errors in using this integrator are of two sorts. Those due to non- 
linearities in the input: output relation, and to the finite resetting time are 
sufficiently small to be of second order. The first-order error will be in the use 
of a finite count of pulses which neglects the state of the circuit at the beginning 
and end of operation. This error cannot exceed that quantity represented by 
+1 pulse. In other words, a count of 20 pulses may have a maximum error 
equal to one interval or + 5%, and a count of 100 pulses will give a maximum 


error of +1%. 
REFERENCE 


Williams, F.C. & Moody, N. F. (1946). J. Instn elect, Engrs, 98, pt. IILA, pp. 1188-1198. 


A mobile laboratory equipped for studies on muscular work and 
environment. By G. P. CrowDEN 


A mechanical shutter giving brief rectangular light pulses at low 
repetition rates. By W. A. Cops and H. B. Morton 


_ A simple mechanical respirator for positive pressure ventilation. 
By R. A. Beaver 


| A mouthpiece for positive pressure ventilation in chronic respira- 
tory paralysis. By R. 
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A simple method for mapping the cerebellar surface. By Marion 
C. Smrra 


Ascending fibres within the region of the pyramidal tract. By 
Marion C. Smiru 


Congenital cerebellar disease in a cat. By Patricia P. Scorr 


A universal head holder. By W. A. Coss, H. B. Morton and 
M. K. Wrieut 


Parturition in the rabbit. By K. J. Franxuin, D. A. McDonatp and 
N. E. (Film) 


The measurement of the Haidinger effect. By E. J. Naytor and 
A. Stanwortu. Department of Ophthalmology, University of Manchester 


Thegabsorption characteristics of the pre-receptoral retinal structures are of 
considerable importance in the interpretation of spectral sensitivity curves. 
The Haidinger effect (the dependence of sensation in the central retina on the 
polarization of the incident light) may be due to such absorption by the 
macular pigment, or to preferential orientation of the blue receptors. The 
decision between these theories is made possible by measurement of the spectral 
characteristics of the effect (De Vries, Spoor & Jielof, 1953). 

Parallel light from a monochromator was split into two beams, each of which 
passed round two sides of a square; one beam was polarized vertically and 
passed through an adjustable density wedge; the other was polarized hori- 
zontally. They were then recombined and passed through a }$° circular aperture 
forming the test field, which was observed in Maxwellian view. Fixation 
marks were provided so that the image fell 1° from the fixation point in either 
the horizontal or vertical meridian, the head being vertical. A sector wheel 
interrupted the beams alternately at a speed below the critical fusion frequency, 
and for each position of fixation the setting of the wedge to eliminate flicker 
was determined, the subjective intensities thus being equalized. 

The birefringence of the pre-retinal media was measured separately, and 
allowing for the effect of this, calculations were carried out on the basis of 
each of the above theories. The experimental results thus led to postulated 
spectral distribution curves for the optical density of the orientated macular 
pigment and for the contribution of the blue receptors to the luminosity curve. 
The former fitted the absorption curve of xanthophyll reasonably well, 
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maxima being found at 455 and 485 my. An additional maximum, however, 
was found at 515 my. The results confirm that the Haidinger effect is primarily 
due to pre-receptoral absorption, and suggest that the pigment is xanthophyll, 
possibly with an admixture of another carotenoid. 

A }° test field was also used to study the distribution of the pigment in the 
central retina. For this particular observer the effect was quite marked in the 
horizontal meridian, but less so in the vertical meridian, especially about 
1}° below the fixation point. This corresponds well with his subjective entoptic 
impression of Maxwell’s spot. 


REFERENCE 
De Vries, Hl., Spoor, A. & Jielof, R. (1953). Physica, 19, 419. 


Effect of adrenaline on the capillary filtration rate of the human 
forearm. By A. H. Kitontn. Sherrington School of Physiology, 
St Thomas’s Hospital Medical School 


The effect of intravenous infusions of adrenaline (10.g/min) on the net fluid 
exchange in the human forearm has been studied in six cases. As in a previous 
communication (Kitchin, 1953), the filtration coefficient was estimated from 
the rate of increase of arm volume resulting from the application of a standard 
venous pressure (40 mm Hg) for 15 min. The complicating effects of changes 
in vascular volume were excluded by means of the pressure plethysmograph 
of Landis & Gibbon (1933). 

The mean filtration rate of 0-068 ml./100 ml./min showed no significant 
change from control measurements, although the rate of blood flow measured 
plethysmographically was more than doubled. This rise in blood flow was 
accompanied by a diminution in the vascular volume of the forearm. These 
results suggest that the increase in blood flow to muscle produced by adrenaline 
is not associated with an increase in the number of functioning capillaries 
per unit volume of the muscle, as do the observations of Miller & Wilson (1951) 
and of Walder (1953) that the clearance rate of Na from muscle is not 
increased by intravenous adrenaline infusion. 


REFERENCES 
Kitchin, A. H. (1953). J. Physiol. 122, 44 P. 
Landis, E. M. & Gibbon, J. H. (1933). J. clin. Invest. 12, 105. 
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The contractility of the alveoli of the mammary gland. By J. L. 
Linzeu. Institute of Animal Physiology, Babraham, Cambridge 


It is well known that the removal of milk from the mammary gland is aided 
by the action on it of oxytocin (which transfers the milk from the alveoli and 
small ducts into the large ducts and cisterns) released into the circulation 
from the posterior pituitary gland in response to suckling or milking. Most 
authors thought that oxytocin was acting on smooth muscle in the gland, but 
Hammond (1936) postulated that vascular erection was responsible since he 
showed that there is no smooth muscle in the gland proper. However, 
Richardson (1949) and Linzell (1952) have concluded that the evidence is 
against both theories and presented strong circumstantial evidence for the 
participation of the myoepithelium which is particularly well developed in 
the mammary gland. Both the stellate variety (basket cells, Korbezelle, 
Basalzelle) around the alveoli and the spindle cells lying along the outside of 
the ducts were described by German histologists over 100 years ago. They 
were thought to be muscular, but their significance was overlooked by workers 
interested in milk ejection until Richardson (1949) drew attention to their 
existence. 

In this study unsuccessful attempts have been made to visualize the 
mammary myoepithelial cells in the living state by polarized light and phase- 
contrast microscopy and supravital staining. However, it has been possible 
to observe the living gland microscopically ( x 20—-x 50) in the mouse, rat, 
guinea-pig and rabbit. Direct electrical stimulation causes the contraction of 
4-5 alveoli beneath each electrode lasting }—-5 min, and drugs dropped 
(in 0-01 ml.) on to the surface of the glands have a similar effect over a wider 
area. Oxytocin (0-001-0-0000001 milliunit), vasopressin (0-1-0-0000001 milli- 
unit, only thrice), acetylcholine (0-01-0-00001 ug), histamine (1-0—0-1 yg), 
pilocarpine (1-0-0-1 4g), barium chloride (1-0-0-05 mg) and 5-hydroxytrypt- 
amine (1-0 ug, only once) have been observed to cause alveolar contraction in 
this way and sometimes to fill neighbouring ducts. Since there is no smooth 
muscle around the alveoli this is offered as further circumstantial evidence 
that the myoepithelial cells are contractile. 

The local application of adrenaline has no action on the alveoli and does not 
prevent the action of oxytocin applied immediately after, as it does by the 
intravenous route in the whole animal. This supports the suggestion of Cross 
(1953) that adrenaline partly acts by preventing the access of oxytocin to the 
cells due to the intense vasoconstriction it produces in mammary tissue. 
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Observations upon the so-called habituation phenomenon in 
rotatory and caloric nystagmus. By J. D. Hoop and ©. R. Praurz. 
Otological Research Unit, Medical Research Council, The National Hospital, 
Queen Square, London 

It is well known that repeated rotatory stimulation both in man and in certain 

experimental animals brings about a progressive diminution in the resultant 

nystagmic responses. This response decline (R.D.) has been studied in rabbits, 
and its course has been found to be determined solely by the number of stimuli 
applied. The time interval between the stimuli appears to be unimportant. 
Consciousness has been found to play an essential part in the development 
of R.D., since rotatory stimuli applied during light anaesthesia, although they 
evoke nystagmic responses, are ineffective in advancing the normal progress 
of r.D. Similar nystagmic responses to repeated unilateral caloric stimulation 

have been found to exhibit no r.p. The nervous mechanism of the R.p. 

phenomenon and the finding that it affects rotational but not caloric nystagmus 

are briefly discussed. 

The partition of the blood flow between skin and muscle in the 
human forearm. By K. E. Coopzr, 0. G. Epnoum and R. F. 
MorrraM. Division of Human Physiology, National Institute for Medical 
Research, London 

The forearm consists of 63-5° muscle, 8-5°% skin, 13-5°% bone, 14-5% fat, 

tendon, etc., by volume, as shown by dissection. As muscle is the main tissue, 

the total forearm blood flow is generally regarded as representing muscle 
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Skin blood flow (mi./100 ml. skin/min) 


Forearm blood flow (mi./100 ml. forearm/min) 
Fig. 1. Total forearm blood flow plotted against estimated skin blood flow. 


c2 


q 
80 
4 
a 
i 4 
60 
¢ 
5 Pa 
a“ 
0 2 6 8 10 


84 P PROCEEDINGS OF THE PHYSIOLOGICAL 


blood flow. There has been no direct measurement of the skin blood flow. An 
estimate has therefore been made by measuring the difference in total forearm 
flow before and after the iontophoresis of adrenaline into the skin, which has 
been shown virtually to abolish the skin circulation (Barcroft, Bonnar, 
Edholm & Effron, 1943). Most of the experiments were performed at a room 
temperature of 23-25° C and plethysmograph water temperature 34° C. Blood 
flows were recorded for approximately 1 hr, and then adrenaline iontophoresis 
was carried out in a bath containing 0-05% adrenaline at a pH of 4:5, using 
5-20 mA for 20 min. Forearm flows were measured after iontophoresis for 
1 hr and skin blood flow calculated as the difference between the first and 
second group of determinations (Fig. 1). There is a significant relationship 
between total forearm and skin blood flows, which holds also for experiments 
carried out at different room and plethysmograph temperatures. Skin blood 
flow can therefore be estimated from total forearm blood flow. 


REFERENCE 
Barcroft, H., Bonnar, W. McK., Edholm, O. G. & Effron, A. 8. E. (1943). J. Physiol. 102, 21. 


Human muscle oxygen consumption. By R. F. Morrram. Division 
of Human Physiology, National Institute for Medical Research, London 


Measurements have been made of the rate of blood flow in the human fore- 
arm, and the arterio-venous oxygen difference has been found for muscle 
venous blood sampled at the same time as the blood-flow measurements. 
From these observations the oxygen consumption of muscle has been 
calculated. 


| Results 
(ml. O,/100 ml. 
Author Material Method tissue/min) 
Holling (1939) Forearm Blood flows and antecubital 0-12 
vein samples 
Jarisch & Gaisbick Legs Reduction in O, consumption 0-17 
(1929) by body following arterial 
occlusion in both legs 
Asmussen & Nielsen Legs Reduction in O, consumption 0-17 
(1939) body followi 
occlusion in both 
Green (1951) Human muscle Calculation from blood flows 0-18 
and femoral arterio-venous 
oxygen difference . 
Mottram Forearm Blood flows and deep vein 0-24 
samples 


Blood flow was measured by venous occlusion plethysmography with water- 
bath at 34° C and room at 22-24°C. Samples of muscle venous blood were 
obtained by retrograde catheterization of a deep vein from the antecubital 
fossa with the position of the catheter tip recorded by radiographs. 
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Using the observations made by Cooper, Edholm & Mottram (1954) on the 
partition of blood flow in the human forearm, the muscle blood flow has been 
calculated from the total forearm blood-flow measurements made during these 
experiments. The calculated muscle blood flow has been used in finding the 
oxygen consumptions. In all, 162 individual estimations have been made on 
sixteen subjects in forty experiments. The mean consumption and s.p. for 
each arm are: left arm, 0-25+0-07 ml. 0,/100 ml. tissue/min; right arm, 
0-24 + 0-07 ml. 0,/100 ml, tissue/min. 

In Table 1 are shown for comparison the results obtained by other workers. 

Holling (1939) measured oxygen consumption in the forearm immersed at 
30° C which may account for his low values. Green’s figure (1951) is based on 
blood samples from the femoral vein, which drains both skin and muscle. 
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The reaction of earthworm and lugworm haemoglobins with 
oxygen and carbon monoxide. By Q. H. Grsson. Department of 
Phystology, Sheffield University 

Earthworm and lugworm (Arenicola marina) haemoglobins have high molecular 
weights, of the order of 3 x 10°, and are thought to contain some 200 haem 
groups per molecule (Svedberg & Pedersen, 1940), in contrast to mammalian 
haemoglobins which have a molecular weight of 6-6 x 10*, and contain four 
haem groups. It was accordingly thought to be of some interest to determine 
the velocities with which they react with oxygen and carbon monoxide. 

The results were: 

(1) Combination with oxygen. Arenicola, pH 6-3, k’=2-3x10® at 20°. 
Earthworm, pH 9-2, k’ =2-3 x 10® at 20°. Sheep, pH 9-2, k’ =2-6 x 10® at 20°. 
(k’ in sec.) 

(2) Combination with carbon monoxide. Arenicola, pH 6-3, l’=2-9x 10 at 
22°; pH 9-2, I’ =4-6x 10° at 22°. Earthworm, pH 6:3, l’=2-2x 10° at 20°; 
pH 9-2, l’=4-1 x 105. Sheep, pH 9-2, U’=1-8 x 10° at 19°. 

(3) Dissociation of oxygen in the presence of Na,8,0,. Arenicola, pH 6-7, 
k= 33; pH 7-4, k=30; pH 9-2, k=18, all at 22:5°. Earthworm, pH 6-7,k=30; 
pH 9-2, k=10, both at 20°. Sheep, pH 9-2, k=20 at 19°. (k in sec.) 

(4) Replacement of oxygen by carbon monoxide. At pCO 360 mm, extrapolated 

to p0O,=Omm. Arenicola, pH 7:4, r=3-4 at 19°. Earthworm, pH 9-2, 
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r=about 2. Sheep, pH 9-2, r=7-5 at 19°. The velocity constants have been 
calculated on the basis of the haem concentrations in the solutions rather than 
the molecular concentrations of the haemoglobins. On this basis, the results 
for the invertebrate haemoglobins are remarkably similar to those for sheep 
haemoglobin. 

Comparison of the results in sections (3) and (4) suggests that the haems in 
the large molecules do not react independently with oxygen and carbon 
monoxide, but are arranged in functional groups containing at least six to 
eight haems. Although the haemoglobin solutions used in these experiments 
were obtained by pooling blood from several worms, kinetic effects which 
could be attributed to differences in the haemoglobins of individual specimens 
were not observed, with a possible exception in the case of the CO replacement 
reaction of earthworm haemoglobin. 


My thanks are due to Mr J. D. Jones of the Department of Zoology, Sheffield University, who 
kindly provided the specimens of Arenicola marina, 
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The significance of the changes in arterial blood pressure during 
pressure breathing. By P. Howarp. R.A.F. Institute of Aviation 
Medicine, Farnborough 


Pressure breathing produces a rise in mean arterial blood pressure, the 
magnitude of which depends upon, (1) lung elasticity and (2) the pooling of 
venous blood in the limbs. At high breathing pressures the latter is the more 
important, and enough blood may be pooled to cause circulatory collapse. 
Syncope may be prevented or delayed by applying a counter-pressure, equal 
to the breathing pressure, to other parts of the body. Measurements of mean 
arterial blood pressure with different degrees of body coverage allow an assess- 
ment of the importance of various sites as venous reservoirs. 


The role of the refiex compensatory mechanisms in the elevation of blood 
pressure is discussed. 


A new component of the human electroretinogram. By W. A. Cozs 
and H. B. Morton. Department of Applied Electro-Physiology, National 
Hospetal, London 

The eye was stimulated by single flashes from a gas-discharge tube (Mullard 

LSD 8) having a maximum peak brightness of 230 x 10¢ ft.L (100 Joules/flash) 


and duration (l/e) of 250usec. The retinogram was recorded from a small 
platinum plate on the unanaesthetized conjunctiva. 
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The general form of the response to such stimuli, and its dependence on 
both brightness and field size (up to 80°) have been described (Cobb & Morton, 
1952). With increasing stimulus strength progressive changes occur, so that, 
with the strongest, the latency is about 2-5 msec; there is a large negative 
‘a’ wave, followed by a ‘b’ wave of about the same size, the whole complex 
being predominantly negative. 

Superimposed on the ‘b’ wave there are four to six smaller waves which are 
fairly uniform in amplitude (about 30.V) and period (7 msec). The number of 
these waves is not increased by stronger stimuli except that the first of them 
is only seen with the brightest flashes. The time relationships of the small 
waves to ‘a’ are constant, but with increasing stimulus strength the latency 
of ‘b’ decreases more rapidly than the latencies of the small waves. This results 
in progressive changes in the relative phase of the small waves and ‘b’. Local 
pressure on the eye, resulting in temporary blindness, causes little change in 
‘a’, while abolishing both ‘b’ and the small waves. 

The time-course and the effects of anoxia indicate that these small waves 
have an origin distinct from Granit’s P11 and P111. 
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Evoked potentials in isolated cat cortex. By M. K. Wrieur. Department 
of Anatomy and Neurosurgery, University of the Witwatersrand 


Slabs of cortex, approximately 7-5 x 15 mm in area, within the suprasylvian 
and ectosylvian gyri, were isolated in nembutalized cats. The blood supply was 
left intact, the cortex was covered with warm paraffin, and observations were 
made for up to 4 hr. The success of the isolation was then checked histo- 
logically. No spontaneous potentials were recorded from the isolated cortex, 
and the local application of 1-25% strychnine sulphate failed to produce 
strychnine spikes. If, in addition, the cortex was stimulated electrically 
typical strychnine spikes would occur. In intact cortex strychnine spikes still 
occur when spontaneous activity is all but obliterated by depth of anaesthesia. 
These findings agree with those of Burns (1950) that no spontaneous activity 
occurs in acutely isolated cortex. They also indicate that the production of 
spikes by local strychninization depends on the level (and perhaps the pattern) 
of spontaneous activity. 

Kristiansen & Courtois (1949), Henry, Charles & Scoville (1952) and Echlin, 
Arnett & Zoll (1952) reported spontaneous activity from isolated cortex, and 
Bremer (1953) has suggested that the discrepancy between these findings and 
those of Burns lay in the small size of the isolated regions in the experiments 
of Burns compared with those reported by others. In the experiments 


d 
B 
ul 
| 
1) 


88 P PROCEEDINGS OF THE PHYSIOLOGICAL 


reported herein it has been found that histological confirmation of isolation is 
essential, and that spontaneous activity will occur if even a small fascicle 
particularly of thalamo-cortical fibres is left intact. If, then, a large region of 
cortex is isolated without histological confirmation, and particularly if that 
region contains fissures, the likelihood of leaving intact some natural source of 
stimulation is high. 
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Total expenditure of energy by pregnant rats. By 8. D. Morrison. 
Institute of Physiology, University of Glasgow 

The total 24 hr energy expenditure of pregnant rats was measured in a total of 

seven pregnancies, under conditions identical with those previously described 

for non-pregnant rats (Morrison, 1953). Two pregnancies were studied con- 

tinuously from mating to parturition. In two litter-mates, days 9-12 and 

15-22 of gestation were studied over the first and second pregnancies. 

In six pregnancies there was a statistically significant increase in total energy 
expenditure over the immediately preceding non-pregnant expenditure. In 
most cases the increase was continuous throughout gestation. A slight decline 
in expenditure in the last few days ante partum was usual but not invariable. 

The mean maximum rise in expenditure above the preceding non-pregnant 
level was 10%, the range of variation being from 5 to 20%. The greater 
increases in energy expenditure corresponded with the greater total increases 
in body weight. Over all the daily measurements made, the regression of total 
energy expenditure on body weight can be described, within the body weight 
range 150-300 g, by the equation 

E =(8-53 + 1-9) + (0-134 + 0-009) W, 
where £ is energy expenditure in kcal and W is body weight in g. 

This is substantially similar to the relationship previously shown between 
energy expenditure and body weight of non-pregnant rats. The regression of 
daily energy expenditure on body weight up to 12 days’ gestation, however, 
before the uterine contents have gained appreciable mass, can be described, 
within the body weight range 150-250 g, by the equation 

E=(0-187 + 0-014) W — (0-52 + 2-69). 
The above regression coefficient is significantly greater (40-70%) than that 
found in the non-pregnant rat, suggesting a stimulus to maternal metabolism 
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in the first phase of pregnancy additional to that accountable to increase in 
body weight. 


The expenses of this work were defrayed by the D. C. Andrew research fund of the University of 


Glasgow. 
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The relationship between the vasomotor response in the hand and 
heat changes in the body induced by intravenous infusions of 
hot or cold saline. By E. 8. Swe. 


The relationship between mouth, oesophageal and rectal tempera- 
ture and the central mechanism regulating body temperature 
in man. By W. I. Cranston, J. Gerpranpy and E. 8. Syeii 


A laryngeal pathway for aortic baroceptor impulses. By B. L. 
ANDREW 


The sphincter above the diaphragm on the inferior vena cava 
of the common seal (Phoca vitulina L.) By L. Brernsrery, 
R. J. Harrison and J. D. W. Tomiinson. Departments of Anatomy and 
Physiology, London Hospital Medical College, E.1 
Despite the many points of interest connected with the vascular system of 
certain aquatic mammals, little detailed investigation has been made of the 
venous system in the Pinnipedia. Burow (1838) and Murie (1874) have 
remarked on the large size of the inferior vena cava, its duplication in the 
abdomen, the stellate plexus of veins on the surface of the kidney, the large 
hepatic sinus into which drain the hepatic veins, and the presence of a caval 
sphincter supplied by the phrenic nerve and situated immediately above the 
diaphragm. Harrison & Tomlinson (unpublished), by dissection and by making 
injection casts in twenty-five specimens of the common seal, have confirmed 
the observations of these workers, and have described a large extra-dural 
spinal vein. 

By courtesy of Mr R. Taylor of the Eastern Sea Fisheries Committee, we 
were able to obtain two live common seal pups a few days old. After anaes- 
thetization by Finer’s (1954) method an open thoracotomy was performed on 
each specimen. In the first, an opening was made in the hepatic sinus, through 
which a finger was inserted into the inferior vena cava within the sphincter. 
Stimulation of either phrenic nerve, using square pulses (2 msec duration 
45 mA intensity, 50 pulses/sec) caused the sphincter to contract tightly 
around the inserted finger. In the second, a cuffed endotracheal tube was 
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inserted into the sphincter instead of the finger. The cuff was inflated to give 
a liquid tight joint within the sphincter, and was connected to a capacitance 
manometer recording on a cathode-ray oscillograph. Records were thus 
obtained of the contractions of the sphincter. Stimulation of right or left 
phrenic nerve caused a contraction. After section of the right phrenic nerve 
stimulation of the central end was ineffective while that of the peripheral end 
remained effective. After section of all the diaphragmatic branches of the 
right phrenic nerve, stimulation of the trunk produced a pure sphincter con- 
traction, without any contraction of the diaphragm. 
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Absolute visual thresholds. By M. H. Prrenne. Physiology Department, 
University of Aberdeen 


The absolute threshold of the human eye for a 1° peripheral field and long 
exposures corresponds to a retinal illumination of the order of 10~* lux. (The 
retinal image of such a field is } mm in diameter and covers up to 10,000 rods.) 
Now for electrophysiological experiments involving retinal areas of similar 
size in animals, the published values generally range from 10-* to 1 lux. That 
is, they are 10°-10* times higher than the values for man. In the conger eel, 
studied by Adrian & Matthews (1927), the threshold was 105-10* times higher 
than in man. In the bull-frog, studied by Hartline (1940), it was 10°-10* times 
higher. Barlow’s work on the frog (1953) and Thomson’s on the rabbit (1953) 
gave values within the same range. 

It is unlikely that such differences can be explained by differences of 
sensitivity between man and the animals studied. Behaviour experiments on 
intact animals suggest that the sensitivity of animals can reach very high 
values, like that of man. The above differences therefore must be ascribed 
mainly to the experimental methods. Now it is possible that there are 
unpublished electrophysiological results giving threshold values as low as the 
human value. If so, it would be valuable to see these published. Meanwhile, 
however, it may be asked whether some at least of the results so far obtained 
do not refer to special retinal units, active only at fairly high intensities 
(cf. Rushton, 1953). The problem is complicated by the irregular spontaneous 
discharge of impulses often observed in electrophysiological preparations 
(Granit, 1947; Kuffler, 1953). The human threshold values, expressed in terms 
of quanta, seem incompatible with a high level of spontaneous excitation if 
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this excitation is of the same kind as that caused by light stimuli (Denton & 
Pirenne, 1952, 1954). The possibility may perhaps be considered that, in the 
intact organism, the spontaneous discharge is inhibited by influences from the 
central nervous system. 

The above discrepancy is of importance in connexion with quantum theory. 
In man the absolute threshold corresponds to a few quanta absorbed by the 
retina. In the case of the above experiments it should correspond to thousands 


or millions of quanta. Then, among other things, quantum fluctuations might 
cease to exert any detectable influence. 
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Further baroceptor areas associated with the right common 
carotid artery in the cat. By J. H. Green. Department of Physio- 
logy, Middlesex Hosyital Medical School, London 


Electroneurographic studies of the right aortic nerve in the cat confirm the 
| histological findings of Nonidez (1935) that the baroceptor fibres originate 


Superior Superior 
laryngeal thyroid Left common 
nerve artery caroti 
TAN Subelavian artery 


| Fig. 1. Diagram of baroceptor areas associated with the right common carotid artery of the cat. 

S.N. =sinus nerve. C.C.N.=common carotid baroceptor nerve. 

_ from the junction of the subclavian and common carotid arteries (baroceptor 
area 1, Fig. 1) and not from the aortic arch as on the left side. In addition, 
_ two previously undescribed subsidiary baroceptor areas (2 and 3) have been 
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found to contribute to this nerve. Both lie in the wall of the common carotid 
artery. Area 2 is situated 4 cm proximal to the superior thyroid artery and 
area 3 is 14-2 cm proximal to this artery. These baroceptor areas are discrete 
from that in the region of the ramus muscularis dorsalis and superior thyroid 
arteries and supplied by the common carotid baroceptor nerve. 

The site of area 3 is of interest, since this part of the common carotid artery 
is commonly used for carotid clipping. The clip may unwittingly be placed on 
this baroceptor area. 

Fig. 1 shows in diagrammatic form the five baroceptor areas now known to 
be associated with the right common carotid artery. 
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The clinical assessment of postural sensation in the fingers. By 
R. A. Cuampers and R. W. Guuatr. The National Hospital, Queen 
Square, London 


Local anaesthesia of the hand has been induced by the inflation of a pneumatic 
cuff round the wrist in healthy subjects and in patients with flaccid or spastic 
weakness of the arm. By means of a narrow cuff it has been possible to produce 
ischaemic paralysis of the intrinsic muscles and anaesthesia of the hand with- 
out significant interference with the function of the long flexor and extensor 
muscles of the fingers. | 

In healthy subjects this procedure results in severe impairment of postural 
sensation in the fingers, and in patients with pre-existing flaccid paralysis of 
the forearm muscles complete loss of sensation of movement in the phalanges 
may occur. However, when anaesthesia of the hand has been produced in 
patients with spastic weakness of the limb, appreciation of passive movement 
of the fingers has been strikingly preserved. In this way it has been possible 
to separate the muscular from the local articular component in the appreciation 
of posture and movement. 

In simple clinical testing of postural sensation in the fingers it has also been 
possible to dissociate these two components by placing the finger to be tested 
in such a position that the muscular contribution is eliminated, and when 
patients with spastic weakness have been examined in this way, unsuspected 
disturbances of sensation have been revealed. 

These results indicate that the state of contraction of ‘resting’ muscle is 
of considerable importance in the perception of posture and movement. 
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The effect of peripheral nerve ischaemia on post-hemiplegic dis- 
orders of movement. By R. W. Guar. The National Hospital, 
Queen Square, London 


The effects of local circulatory arrest in the limbs have been investigated using 
pneumatic cuffs in spastic paraplegic and hemiplegic patients. In these 
patients it has been found that when flaccid ischaemic paralysis of a limb is 
produced by a pneumatic tourniquet, muscle stretch reflexes may remain 
depressed and hypertonus diminished for some time after release of the 
circulation. This generalized depression of stretch reflexes is in contrast to the 
specific facilitation of cutaneous flexion withdrawal which also occurs during 
recovery from ischaemia (Gilliatt, 1952). 

In patients with severe pre-existing spastic weakness, the diminution in 
muscle tone following local ischaemia may outlast any increase in muscular 
weakness caused by the procedure, and the patient may report marked 
improvement in the mobility and usefulness of the limb for several hours. 

This beneficial effect of ischaemia is particularly striking in patients with 
longstanding hemiplegia in whom the posture of the affected limbs has become 
unstable and resulted in ‘mobile spasm’ (Gowers, 1876) or frank choreo- 
athetosis. In these patients also the improvement may long outlast the 
duration of the peripheral nerve ischaemia itself. 
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Inter-relations within the auditory cortex. By C. B. B. Downman 
and ©. N. Woousry. Sherrington School of Physiology, St Thomas's 
Hospital, London and Department of Physiology, University of Wisconsin, 
Madison, Wisc., U.S.A. 

In cats, during prolonged pentobarbitone sodium anaesthesia, the projections 

of the cochlea have been mapped on the exposed contralateral auditory cortex. 

For this, points on the exposed edges of the bony spinal lamina have been 

stimulated electrically, as described by Woolsey & Walzl (1942). After mapping 

the projections, the active auditory I cortex was removed by sub-pial suction. 

Subsequently, evoked potentials were recorded in the auditory II area again, 

indicating that the latter may be activated independently of auditory I 

(cf, Bremer, 1953). In one animal, 39 days after excision of auditory I, 

cochlea stimulation evoked activity in auditory II. Direct electrical stimulation 

of the cortex shows connexion between analogous areas in auditory I and II 

areas. There is some evidence that both cochlea and auditory cortex stimula- 

tion evoke activity in the posterior ectosylvian (Zp) area of Rose (1949). In 
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some preparations, stimulating all turns of the cochlea evoked activity in an 
area straddling the descending anterior limb of the suprasylvian sulcus. This 
remained after excision of auditory I area. , 
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Effects of variations in left auricular pressure on pulmonary 
arterial pressure. By 8. D. Cart. and N. Duke. Depari- 
ment of Physiology, Royal Free Hospital School of Medicine, London, W.C.1 

Isolated cat lungs were used as the test preparations. These were perfused at 

constant volume inflow with the animal’s own heparinized blood. Ventilation 

was either by positive pressure (Starling ‘Ideal’ pump) or the lungs were 
enclosed in a chamber from which air was intermittently drawn to produce 
extrapulmonary negative pressures of 0 to —10 to —20 cm water 18 times 
per min. Perfusion was via the pulmonary artery, the tubing to which was 
connected with a saline manometer. The left auricle was cannulated and this 
cannula collected the outflow from the lungs and led it into a reservoir. A screw 
clip on the left auricular tubing served to vary the mean left auricular pressure 
which was recorded and could also be read directly on a saline manometer. 
Curves were obtained relating the mean pulmonary arterial to mean left 
auricular pressures. Alterations in minute volume inflow to the lungs or extra- 
pulmonary negative pressure resulted in a family of curves. With rising left 
auricular pressure a point was reached of minimum peripheral resistance 
(measured as the pulmonary arterial, minus the left auricular pressure at 


constant volume inflow) this lay at a pulmonary arterial pressure of 20-30 cm 
saline. 


The pressure volume diagram of the rabbit’s lung in vivo. By 
L. Bernstein. Department of Physiology, London Hospital Medical 
College, London, E.1 

The pressure-volume curves of animal and human lungs have been variously 

reported as being almost linear in the living subject (Cloetta, 1913; Otis, Rahn 

& Fenn, 1946) and non-linear, S-shaped, curves in isolated lungs (Lawton & 

Joslin, 1951). 

Pressure-volume curves have been determined for the rabbit’s lung using 
the method of Bernstein (1952) in animals of about 2kg weight. The rabbits 
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were anaesthetized and curarized, and were under artificial respiration 
(urethane anaesthesia, plus intravenous p-tubocurarine chloride 0-5 mg/kg 
body weight). The curves obtained were neither linear nor S-shaped, but 
appeared to consist of intersecting portions of a straight line, up to inflation 
volumes of about 30 c.c. (corresponding to pressures of about 12-14 cm H,0) 
and of an S-shaped curve for volumes greater than this. 

Following a first determination of the curve up to an inflation volume of 
about 60c.c., a second determination performed immediately afterwards 
resulted in a curve of similar form but having a lower slope for the linear 
portion (slope being expressed as pressure increment divided by volume 
increment). Third and subsequent determinations within a short space of time 
then afforded curves agreeing closely with the second. There appears to be 
some ‘adaptive’ mechanism in the lung, caused to operate by the first inflation, 
which manifests itself as a reduction in elasticity and so produces the lowered 
pressure volume ratio. 
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Constriction of the pupil in the rabbit by antidromic stimulation 
of the trigeminal nerve. By D. M. Maurice. Ophthalmological 
Research Unat, Institute of Ophthalmology, London 


Magendie (1824) found that on intracranial section of the rabbit’s fifth nerve 
(N. V) there is a constriction of the ipsilateral pupil which takes an hour or 
more to recover its normal size. It was shown later by Bernard (1858) that 
the effect occurs in the atropinized eye and with N.JIJ cut, but it was still 
not settled at the end of the 19th century whether the effect was due to inter- 
ference with the sympathetic system or to stimulation of supposed motor- 
fibres in N. V itself. In this century the phenomenon seems to have attracted 
no attention. 

The present experiments were performed on decerebrate animals, and the 
following results indicate that antidromic stimulation of N.V is responsible: 

(1) The pupil constricts on stimulating N. V even after chronic sympathetic 
denervation of the eye. : 

(2) When the pupil has recovered from section of N.V it is constricted 
again by stimulation of the peripheral stump but not of the central. 

(3) If N.V is allowed to degenerate after section distal to the Gasserian 
ganglion this pupillomotor effect cannot be obtained, though dilatation occurs 
normally on sympathetic stimulation. 
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The most effective stimulus is mechanical. A full constriction of the pupil 
occurs on lightly touching the nerve either near the brain stem or distal to the 
ganglion after careful removal of the overlying dura. With electrical stimula- 
tion it is difficult to be certain that the effect obtained is not a result of the 
electrodes rubbing the nerve. The iris will constrict, however, if the animal is 
curarized and the nerve stimulated with a fine cotton-wick electrode in contact 
with the dura, the other electrode being inserted in the pituitary fossa. The 
stimulus voltage necessary to cause this constriction is about twenty times 
greater than that needed to obtain a reflex movement of the head in the 
uncurarized animal. 

A constriction can still be obtained for some minutes after the animal has 
been killed by exsanguination, and exsanguination has no influence on the 
size of a pupil already constricted. This shows that the effect does not result 
from the liberation of a pupillomotor substance into the blood stream and 
also that it is unlikely to be due to a vasomotor action on the vessels of the iris. 
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Proprioceptive control of muscular contraction and the cerebellum. 
By E. E.prep, R. Granit, B. Hotmeren and P. A. Merton. Nobel 
Institute for Neurophysiology, Karolinska Institutet, Stockholm, Sweden 


When activity in y motor efferents causes contraction of the intrafusal muscle 
fibres, excitatory afferent impulses are sent back to the spinal cord where they 
may facilitate or initiate discharge of the main motoneurones. In decerebrate 
cats this sequence may be observed in a muscle by listening in to a single 
spindle afferent in a small dorsal root filament (innervation otherwise intact). 
Owing to their ‘in parallel’ attachment, spindles slow during muscle shortening 
unless y activation occurs. In various reflexes, however, spindle acceleration 
preceded contraction of the main muscle, and acceleration continued during 
contraction. This shows that spindle activation is facilitating the contraction. 
De-afferentation of the muscle confirmed this view for then acceleration of the 
spindle occurred as before, but muscular contraction was abolished (Eldred, 
Granit & Merton, 1953a, b). 

We have now found that elimination of the anterior lobe of the cerebellum 
completely alters this picture. The rigidity of the preparation is no longer 
abolished by dorsal root section (cf. previous work reviewed by Moruzzi (1950)), 
as it was with decerebration alone. In reflex action too the « motoneurones 
are independent of proprioceptive support; when contraction takes place, the 
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spindles slow as if they were passive. A loss of tonic y control is also noticeable 
in the slower and more regular spindle discharge when the preparation is at 
rest. Despite this the animal is no less active reflexly than it was before, and 
may be more so. The accessibility of the motoneurones to non-proprioceptive 
influences has apparently increased. | 

The cerebellum seems to control the extent to which contraction is initiated 
via the y servo-mechanism or by excitation playing on the « motoneurones 
more directly. In these experiments the balance is shifted towards excitation 
by the a route, and the y spindle mechanism fails to provide the normal 
pattern of proprioceptive inflow. Similar disturbances may underlie the 
dysmetria of cerebellar disease. 


REFERENCES 
Eldred, E., Granit, R. & Merton, P. A. (19534). Acta physiol. scand, 29, 83. 
Eldred, E., Granit, R. & Merton, P. A. (19535). J. Physiol. 122, 498. 
Moruzzi, G. (1950). Problems in Cerebellar Physiology, p. 21. Springfield: Thomas. 


Local feedback control of motoneurones. By B. Hoitmeren and 
P. A. Merton. Nobel Institute for Newrophysiology, Karolinska Institutet, 
Stockholm, Sweden 


During steady contraction an interjected muscle twitch causes a silent period 
in the electromyogram, the greater part of which is thought to be due to 
negative feedback from the muscle spindles acting in a servo loop to offset the 
twitch and keep the tension constant (Merton, 1951). Before this reflex can 
develop (after conduction delay) the motoneurone discharge is already 
arrested, by antidromic block if the twitch is set up by excitation of motor 
fibres, or by an apparently similar depression if excitation is orthodromic 
(a shock to afferent fibres or a tendon tap). Clearly such immediate depression 
anticipating the reflex silent period will assist the spindle servo. Is this its 
function ? 

We have investigated motoneurone depression in decerebrate cats by 
recording the electromyogram of the de-afferented soleus, while a background 
contraction was set up by pinching the opposite flank. Orthodromic volleys 


to soleus were provoked by small shocks to the cut ipsilateral $1 dorsal root. 
_In our preparations blockage of background discharge and the occurrence of 
-& monosynaptic response had the same threshold (cf. Eccles & Rall, 1951). 


But although depression apparently depends on motoneurone discharge it is 


“not to be explained as refractoriness, for quite small orthodromic or anti- 


dromic volleys (e.g. 25% maximal) may regularly cause a period of complete 


block of background discharge. Furthermore, soleus motoneurones are blocked 


by an antidromic volley in the synergistic medial gastrocnemius nerve, as 
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originally found by Renshaw (1941) with monosynaptic testing. It seems that 
when one motoneurone is fired many are depressed, probably, as Renshaw 
suggested, via the Golgi recurrent axon collaterals. Motoneurone discharge 
depends on the balance between the excitatory input and the inhibitory 
impulses sent back when the cells fire. Thus the duration of block (10-150 msec 
roughly) was longer with larger volleys (anti- or orthodromic) and could be 
reduced by more intense background contraction. 

Although quantitative results are much to be desired these experiments 
suggest that motoneurone discharge is stabilized by a local feedback 
mechanism. If the Golgi collaterals do indeed provide the feedback path the 
system becomes of particular interest, for according to Cajal (1899) in every 
centre in the nervous system the axons are equipped with recurrent collaterals. 
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The long-term repeatability of the cortical motor map. By 
J. A. VY. Bares. Neurological Research Unit, Medical Research Council, 
National Hospital, Queen Square, London, W.C.1 


Although it is recognized that the response to stimulation of an excitable 
point on the motor cortex can show certain types of instability, it is also well 
known that the response can be remarkably stable provided certain conditions 
of stimulation are unchanged. But when motor maps from individuals of the 
same species are compared, each map appears to have its own peculiarities, 
and this variation among individuals is more marked in man and apes than 
the lower forms. There is, therefore, a question which naturally arises—how 
does the variability in the motor maps obtained on a single occasion from 
different individuals compare with the variability in the motor maps obtained 
from a single individual on different occasions, say months or years apart? 

Penfield & Boldrey (1937) point out these individual differences in two 
human motor maps, and comment as follows: ‘This variability probably 
depends upon pre-existing conditions which are not always the same, for we 
have found that in those cases that were opened up a second time, that 
different responses were elicitable. The pattern of responses may depend also 
upon which spots are first stimulated on the day of operation.’ The suggestion 
is that the variability from case to case is perhaps of the same order as the 
variability from occasion to occasion. No reference to this point has been 
found in the extensive literature on animal experiments, but the answer may 
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clearly affect the validity of inferences that can be made from isolated motor 
maps. 

During the past 3 years, three patients with slight evidence of hemiplegia 
have been operated on by Mr W. McKissock on two occasions, respectively 
7, 15 and 17 months apart, and motor maps with 16 mm cine records of the 
movements have been obtained on each occasion. The conditions have been 
similar at each operation with respect to anaesthesia (N,O and pethidine) and 
stimulation (4 msec pulses, 50 pulses/sec, 2mm bipolar stimulator, low 
impedance output). However, no special precautions were taken to achieve 
repeatability of the map, and the cortex on the second occasion was explored 
without knowledge of the previous results. The observations on these cases do 
not support Penfield’s suggestion, for analysis of the cine films shows that the 
movements produced and the corresponding cortical maps were closely similar 
in an individual case on the two occasions, while they showed considerable 
and consistent difference from case to case. Penfield’s cases were explored 
without anaesthesia, and this perhaps may account for the difference. But 
the present evidence suggests that a particular motor map obtained under 
conditions of light anaesthesia discloses some consistent attribute of the 
individual, for example some genetically determined nervous arrangement of 
a kind that is presumably demonstrated by the similarity of the e.e.g. in 
uniovular twins. 

REFERENCE 
Penfield, W. & Boldrey, E. (1937). Brain, 60, 389. 


_ Acomparison between movements produced by stimulation of the 


motor cortex and the internal capsule in the same individual. 
By J. A. V. Bares. Neurological Research Unit, Medical Research 
Council, National Hospital, Queen Square, London, W.C.1 


Ferrier (1873) was the first to imply that cortical movements had specially 
discrete organized and meaningful qualities in comparison with those produced 


_ by stimulation of other parts of the motor system. This view was at once 


challenged by Burdon Sanderson (1874) who provided elegant experimental 
evidence to the contrary. The significant question however became obscured 
in other controversies, and the present position remains where Sherrington 


(1906) left it. In his view the movements obtained by stimulation of the cortex 
and dorsal roots ‘fall into line as similar series. Both consist of the same group.’ 
- This established similarity tends to be ignored in contemporary discussions 
_ of cortical motor function. 


Observations have been made, with the close cooperation of Mr W. 


; McKissock, during the operation of hemispherectomy under N,0 and pethidine 
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anaesthesia, in nine consecutive cases. When the hemisphere has been removed 
the basal structures revealed have been thoroughly explored with the stimu- 
lator (2 mm bipolar, 4 msec pulses at 50 pulses/sec). Stimulating the exposed 
surfaces of the caudate nucleus, thalamus, putamen, globus pallidus and corpus 
callosum has never produced observed effects. A motor map has, however, 
been obtained in each case from the region of the internal capsule where the 
descending motor fibres would be expected to lie. All the responses have been 
filmed, and they can be compared with those obtained from stimulating the 
cortex before the hemispherectomy. 

The following points of comparison stand out: (1) the threshold for responses 
from stimulating the internal capsule is about half that for cortical responses ; 
(2) the latency of the capsular response is invariably short (20-50 msec). This 
is not true of cortical responses which not uncommonly take 3-5 sec to appear; 
(3) clonic ‘after-discharge’ movements, familiar from the cortex when the 
stimulus is prolonged, have never been seen from the capsule. The movement 
always ends as abruptly as it begins; (4) the types of movement seen differ 
from case to case but in an individual they closely resemble those obtained 
from the cortex. Highly localized movements (e.g. flexion of the thumb) have 
been produced from the capsule in a case where they were present also in the 
cortex; (5) the capsular map is naturally more congested, and there is a 
tendency for leg and arm movements to occur from the same point—a response 
which is very rarely seen from the cortex with this stimulator ; (6) no ipsilateral 
movements have been seen from capsular stimulation, but no ipsilateral move- 
ments were observed from cortical stimulation in these cases. 

Results obtained under these conditions are consistent with the experience 
of Franck (1887) and suggest that no unique properties of the cortical grey 
matter are revealed by stimulation save those associated with the delay in 
response and the appearance of clonic movements. 
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Relationship between rectal and carotid blood temperatures of 
calves at different environmental conditions. By J. BuicH 


Referred sensation in spinal cord lesions. By P. W. NaTHan 
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Method for demonstrating and assaying the vasoconstrictor 
activity of rabbit’s blood and for following the changes in 
this activity resulting from various stimuli. By J. Armin and 
R. T. Grant : 


A flow calorimeter for the human finger. By W. J. H. Burrerrietp 


A method for titrating chloride in small volumes of gastric 
secretion: By J. N. Hunt 


A pump with an exponential outflow as used in gastro-intestinal 
studies: By J. N. Hunr 


The recording of forces exerted during mastication. By D. J. 
ANDERSON 


Test-meals in rabbits. By I. Macponatp 


_ Extra-corporeal cooling. By D. N. Ross 


A simple microcalorimeter. By E. W. Cuarxe. R.A.F. Institute of 
Aviation Medicine 

This apparatus has been used to measure the aerobic and anerobic heat pro- 

- duction of several different types of biological material. The principle of the 

method is to determine the steady flow of heat from a test chamber by 

measuring the temperature difference across its walls. The temperature of the 
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inside of the wall is not compared directly with the outside but with a similar 
compensating chamber which contains no source of heat. 

The diagram represents the calorimeter in longitudinal section. It consists 
of two thin-walled glass chambers, of approximately 2 ml. capacity, arranged 
end to end and separated by an insulating partition. Surrounding the 
cylindrical surface of the two chambers is a thermopile. The ‘cold’ junctions — 
of the thermopile are evenly distributed over the surface of one chamber and 
the ‘hot’ junctions similarly arranged over the surface of the other chamber. 
Approximately 150 copper-constantan couples are used and have a resistance 
of 50 ohms. The whole unit is placed inside a stout 
glass tube and the space between the chamber and 
the tube filled with a compound wax. The thermo- 
pile leads are taken away through a glass support- 
ing tube which is not shown in the diagram. The 
chambers are closed with rubber bungs and one of 
them is fitted with a small heating coil used for 
calibration. Each bung carries two fine stainless 
steel delivery tubes for introducing gases and 
liquids into the chambers. The apparatus is placed 
in an accurately thermostated water-bath and the 
thermopile connected to an ordinary low-resistance 
galvanometer. 

The galvanometer deflexion is found to be directly | 
proportional to the heat liberated in the test 
chamber. This greatly simplifies calibration and 
permits the use of direct galvanometer readings in 
preference to the more elaborate ‘null’ method 
with a compensating heater. When measuring low 
rates of heat production any gas spaces in the 
chambers are replaced by a liquid, in order to eliminate distillation effects. 
The compensating chamber is filled with a substance of similar heat capacity 
to the material in the test chamber to equalize, as far as possible, the heat 
flows caused by temperature fluctuation of the water-bath. 

A double-jacket water-bath is used. The outer jacket is provided with a 
stirrer, heater and mercury-toluene regulator. The inner jacket consists of a 
completely closed copper box and contains the calorimeter and a small constant- 
speed stirrer. The inconstancies of the water-bath have so far been the main 
factor limiting the accuracy of the method for low heat-rate determinations. 


With the present bath the apparatus has a zero fluctuation equivalent to 
+ 0-001 cal/hr. 
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Polaroid lantern slides for class demonstration of heterophoria. 
By D. H. Smyra. Department of Physiology, University of Sheffield 
Polarized light for producing separate images on the two retinae was used by 
Burian (1939). The availability of lantern slides with polaroid material makes 
it possible to adapt these for a class demonstration of heterophoria. This has 
a considerable advantage for teaching purposes when compared with methods 
where a separate demonstration must be given to each individual. The usual 
principles are employed. A horizontal scale on the slide is projected with light 
in one plane and an arrow above this with light in the plane at right angles. 
The polaroid material is in the slide and an ordinary projecting lantern can be 
used. A ‘silver’ non-depolarizing screen must be used. When the screen is 
viewed directly, both eyes see both arrow and scale; when viewed through 
polaroid glasses, one eye sees the scale and the other the arrow. Heterophoria 
is shown by a different position of the arrow according to whether the screen 

is viewed directly or through polaroid glasses. 

The polaroid glasses are made so that the plane of polarization is at 45° to 
the vertical; hence, viewing with the glasses turned upside down will reverse 
the arrow displacement, while viewing with the glasses reversed (i.e. so that 
each eye looks through the polaroid previously in front of the other eye) will 
not alter its displacement. 

I am indebted to Mr 8. H. Hyndman of Industrial Photographs, Ltd., for assistance in the 


preparation of the lantern slide. 
REFERENCE 
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, Electromyography of postural muscles—leg and thigh. By J. Josepx 
and A. Nigutineaue. (Film) 


The distribution of adrenaline and noradrenaline in ox adrenal 
medulla. By P. Hacen. Department of Pharmacology, University of 
Oxford 

That the pressor amines of ox adrenal medulla are concentrated in a particulate 

component of the adrenal medullary cells has been described by Blaschko & 

Welch (1953). The distribution of adrenaline and noradrenaline within the 

particulate and non-particulate components of the cells has now been 

determined. 

_ Dispersions of the adrenal medulla were prepared in ice-cold 0-32 M-sucrose 

solution, followed by low- and then by high-speed centrifugation (Blaschko & 

Welch, 1953). Three fractions were obtained: (a) the homogenate, (6) ep non- 
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particulate supernatant and (c) the resuspended particulate fraction. Each 
fraction contained the equivalent of 1 g of adrenal medulla in 10 ml. 

After acidification and appropriate dilution adrenaline and noradrenaline 
were determined chemically, using a modification of the method described by 
Weil-Malherbe & Bone (1953). In addition, the total pressor activity of each 
fraction was determined on the spinal cat, and in one experiment the adrena- 
line: noradrenaline ratio was found by simultaneous record of blood pressure 
and nictitating membrane. 

Results are shown below. Values are given in ug/ml. 

Homogenate Supernatant Sediment 


Expt. Assay Adr. Norad. A+N dr. Norad. A+N dr. Norad. A+N 
67 Chem. 55% 45% 1260 57% 43% 360 61% 39% 980 
Biol. 1130 304 ) 680 
68 Chem. 54% 46% 820 45% 55% 270 58% 42% 520 
Biol. 1070 250 640 
69 Chem. 61% 39% 1020 49% 51% 334 57% 43% 700 
Biol. 65% 35% 917 296 608 10% 620 


It is clear that, although the greater part of the pressor amines is con- 
centrated within the particulate fraction, the proportions of adrenaline and 
noradrenaline are of much the same order in the granular fraction and the 
cell sap. 
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A kinetic study of the exchange between blood and brain compared 
with exchange between blood and aqueous humour in rabbits. 
By H. Davson. Medical Research Council, Department of Physiology, 
University College, London 
The rates of penetration of a number of substances from blood to aqueous 
humour and cerebro-spinal fluid (c.s.f.) have been compared in the same 
animals. For very slowly penetrating substances, such as raffinose and 
p-amino-hippurate, the rates of penetration differ by a factor of at least 20, 
the amounts penetrating the c.s.f. being barely measurable; as the rate of 
penetration increases, the discrepancy becomes smaller and eventually changes 
sign, in the sense that penetration into the c.s.f. is the more rapid; thus with 
creatine, which penetrates the aqueous humour some 3 times more rapidly 


than raifinose, the ratio “oe is 5; with “Na it is approximately 2; 


with thiourea it is 1-3; with methyl thiourea it is approximately unity; whilst 
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with ethyl thiourea, propyl thiourea and ethyl alcohol it is 0-65, 0-65 and 0-16 
respectively. The behaviour of glucose is exceptional in that it penetrates the 
aqueous humour approximately as rapidly as ethyl thiourea but penetrates 
the ¢.s.f. at only about one third this rate. When penetration into the brain- 
tissue is compared with penetration into the c.s.f., it is found that “Na 
approaches equilibrium with the cerebral interstitial fluid (chloride-space) at 
almost exactly the same rate as with the c.s.f.; Wallace & Brodie (1940) 
observed the same with Br-, I- and CNS~-. With all the other substances studied 
(creatinine and the thioureas) the concentration in the cerebral interstitial 
fluid is consistently higher than in the c.s.f., and the times required for com- 
plete equilibration between total brain water (excluding c.s.f.) and blood 

are very much shorter than for equilibration between c.s.f. and plasma; 
e.g. with methyl! thiourea equilibration with brain water occurs between 60 
and 120 min, whereas equilibration with c.s.f. requires over 4 hr. With these 


_ substances, therefore, the cerebral interstitial fluid may act as an intermediary 


between blood and c.s.f., so that the direct process of penetration from blood 
to c.s.f, in the choroid plexuses and the subarachnoid spaces may be augmented 
by a penetration from the cerebral tissue. It is possible that this circumstance 
could account for the change in the aqueous/c.s.f. rate-ratio as the rate of 
penetration increases. The penetration of “Na into the c.s.f. follows the simple 
kinetics previously described for the aqueous humour; the value of k,,, 
derived from experiments on sixty-eight animals, extending in duration from 
15 to 300 min, was 0-0046 min-, comparing with a value of 0-0084 min for 
the aqueous humour; the steady-state distribution ratio between plasma and 
c.s.f. is approximately unity, whence it may be deduced that the maximum 
rate of turnover of c.s.f. is 0-46 ° per min, i.e. rather more than half the value 
that may be computed from similar parameters describing penetration into 
the aqueous humour of the same animals, The rate of turnover of c.s.f. may, 
however, be considerably less than the maximum value indicated above. 
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Some factors influencing the receptive pattern of the intestine. 
By J. N. Hunt 


Smooth muscle potentials recorded in the taenia coli of the guinea- 
pig. By Evrra Bitsrine. Department of Pharmacology, University of 
Oaford 

The first demonstration of measuring membrane potentials in the longitudinal 

muscle of the guinea-pig’s colon using micro-electrodes (Ling & Gerard, 1949) 

was given to the Physiological Society by Vaughan Williams & Biilbring 
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(1951, unpublished). The work has been continued, and it was found that in 
170 fibres the potential ranged from 26 to 75 mV with a distribution peak at 
60 mV. This is very similar to the value found in the sphincter pupillae 
(Bilbring & Hooton, 1953). The low potentials may be records from fibres 
damaged by the impalement, or the wide scatter may be due to varying 
degrees of tension in individual muscles. It was found that in preparations 
which were mounted under slight tension and where spontaneous movements 
could be observed, the average potential was higher than in those so tightly 
mounted that no movement could be detected. Thus the average of ninety-four 
observations under moderate tension was 59 mV (ranging from 35 to 75 mV), 
while the mean of seventy-six observations with high tension was 44 mV with 
no record above 60 mV. Subjecting a muscle to different degrees of stretch 
and sampling successive fibres showed that the potential was 25% lower at 
the higher tension. 

Sustained potentials could only be obtained in isometrically fixed pre- 
parations. The level often fluctuated slightly, and spontaneous activity was 
regularly seen as spikes which occurred at a rate of approximately 1 per sec 
(Bozler, 1938). They consisted in a rapid depolarization up to 8 mV followed 
by a slower phase of hyperpolarization. Their amplitude was independent of 
the resting potential level. 

The application of substances which increase muscle tension (acetylcholine, 
histamine) caused a fall in membrane potential and an increase in spike 
frequency. Substances which diminish tension (adrenaline, atropine) in- 
creased the membrane potential and slowed or abolished the spikes. The 
observations suggest that the membrane potential changes inversely to the 
tension developed by the muscle. 
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The effect of local anaesthesia on the appreciation of passive 
movement of the great toe in man. By J. Lex and P. A. Rrne 
Departments of Physiology and Anatomy, Charing Cross Hospital Medical 
School, London, W.C. 2 

Goldscheider (1889) suggested that the appreciation of passive movement in 

man arose in joints. Stopford (1921) showed that peripheral nerve injuries in 

the upper limb, with no muscle involvement, resulted in a loss of appreciation 
of passive movement of the fingers. Browne & Lee (1954) made observations 


on the movements of the great toe in man which further su ported Gold- 
scheider’s suggestion. 
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In the present experiment the capsule and pericapsular tissues of the first 
metatarso-phalangeal joint of the great toe were infiltrated with 1%, procaine 
and 1 in 50,000 adrenaline to encircle the entire joint; between 8 and 10 ml. 
were required. In the contralateral great toe, the skin was anaesthetized either 
by a circular block or by a digital nerve block. 

Infiltration of the joint capsule resulted in a failure to appreciate passive 
movement of that joint, but skin anaesthesia alone did not significantly alter 
this faculty. In two subjects, only the dorsal aspect of the capsule was 
anaesthetized. In these subjects appreciation of upward movement was not 
significantly altered but that of downward movement was greatly impaired. 

These observations confirm that, when the muscles are relaxed, the 
sensation of passive movement is conveyed in afferents originating in the 
region of the joint. 
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Effects of pituitary growth hormone on glucose utilization by | 
muscle. By R. D. Burtsroox and J. H. Orraway. Department of 
Biochemistry, University College, London 

The growth hormone of the anterior pituitary is diabetogenic when injected 

daily into normal animals. When, however, it is tested on the blood sugar of 

hypophysectomized animals or in vitro on muscle, it increases glucose utiliza- 
tion—the ‘insulin-like’ effect (Ottaway, 1951; Park, Brown, Cornblath, 

Daughaday & Krahl, 1952). 

We have used the isolated rat diaphragm technique to elucidate the 
relationship between the ‘insulin-like’ effect and the inhibition of glucose 
utilization to be expected from a diabetogenic agent. The conditions of the 
experiments were those previously described by Ottaway (1953). The relation- 
ship proved to be dependent on the concentration of the hormone (Fig. 1). 
The oxygen tension in the muscle during its preparation for incubation was 
found to affect its sensitivity to the hormone. The concentration-effect curve 
shown was obtained when the muscle was kept oxygenated as far as possible 
by immersing it in a fully oxygenated buffer solution for 2 min immediately 
after excision. 

‘Other evidence (Ottaway, 1953) suggests that the ‘insulin-like’ effect is 
caused by the liberation by growth hormone of insulin held inactive in the 
tissues. We conclude that growth hormone can also directly inhibit glucose 
utilization. The validity of the results of these in vitro experiments has been 
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tested by injecting growth hormone into fasted rabbits. Large doses (1 mg/kg) 
cause a slight but long-lasting hypoglycaemia; much smaller doses cause an 
immediate hyperglycaemia. 


Stimulation 
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Fig. 1. Effect of growth hormone én vitro on glucose utilization by rat diaphragm muscle. 
(The line attached to each circle indicates the standard deviation of the mean.) 
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Histamine liberation and lymphagogue action. By W. D. M. Paton. 
Department of Pharmacology, University College, and University College 
Hospital Medical School, London, W.C. 1 


Heidenhain (1891) described as ‘lymphagogues of the first order’ a variety of 
substances including extracts of lobster, crayfish and mussels, and their action 
was analysed by Starling (1894) with particular regard to testing the secretory 
hypothesis of lymph formation. The description by Heidenhain of acute 
itching (as though from fleabites) in a dog receiving a decoction of crayfish 
muscle, and by Starling of the production of fall of blood pressure, haemocon- 
centration, swelling of a limb, and rise in portal blood pressure by these agents, 
suggested that they might act through the liberation of histamine. Experi- 
ments have therefore been made to test whether such extracts can release 
histamine and whether known histamine-liberators are lymphagogues. 
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Lymphagogues as histamine liberators. Decoctions of alcohol-extracted 
muscle of the lobster, the crayfish (Palinurus vulgaris) and the mussel (Mytilus 
edulis) were prepared by Heidenhain’s method. When injected into the cat’s 
isolated perfused skin they released histamine (assayed on the guinea-pig 
ileum) in amounts corresponding to about 50 ug histamine per gram of flesh. 
A whole lobster might thus release 5-10 mg of histamine. 

Histamine liberators as lymphagoques. In cats anaesthetized with chloralose, 
in which the thoracic duct was cannulated for lymph-collection, the intravenous 
injection of Compound 48/80, propamidine, p-tubocurarine or morphine 
caused an increase in the rate of flow of lymph from the duct up to twenty-fold. 
With successive injections of the same dose, the lymphagogue action waned. 

It was concluded that the lymphagogue action of these substances, as well 
_ as some of the known effects of over-indulgence in crustacean delicacies, rests 
on their ability to release histamine from the tissues. 


Heidenhain, R. (1891). Pfliig. Arch. ges. Physiol. 49, 209. 
Starling, E. H. (1894). J. Physiol. 17, 30. 


Observations on the use of Douglas bags. By R. SHerHarp 
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An in vitro preparation of the distal colon of the rabbit with 
orthosympathetic and parasympathetic innervation. By R. C. 
Garry and J. 8. Gritespre (McCunn Research Institute of 


Physiology, the University of Glasgow 


To facilitate dissection the rabbit should be a young adult with little fat. It is 
stunned and bled. The abdomen is opened in the mid-line, the symphysis 
pubis split and the pelvic bones forcibly separated as widely as possible. The 
tissues are kept moist with chilled Ringer. 

The filaments of origin of the pelvic nerves are identified on both sides as 
they arise from the sacral plexus. Adherent fascia is gently removed and then 
ligatures of fine nylon thread are tied round the strands of origin of each 
pelvic nerve as close to their origin as possible. One end of each ligature is 
left long. 

_ The distal colon is now pulled forward by traction on the bladder or uterus 
and the strands of each pelvic nerve which run craniad are identified. On each 
side this strand passes craniad and finally runs into the dorsal division of the 
‘hypogastric nerve on that side. The outgoing parasympathetic axons leave 
this strand as the sacral colonic nerves and course through the mesocolon to 
reach the gut. The branch of the pelvic nerve which runs craniad and the 
dorsal division of the hypogastric nerve lie close to the posterior pelvic wall 
and, unless identified early, may easily be cut when the gut is finally removed 
from the body. 

The orthosympathetic axons to the colon run in the lumbar colonic branches 
of the inferior mesenteric ganglia. These branches accompany the inferior 
mesenteric artery and vein to the gut. A single ligature is tied round nerves, 
artery and vein at the point where the vein shows a sharp bend. One end of 
the ligature is left long. 

The colon is cut across to give a length of about 4-5 cm of gut. The distal 
section is about 4cm craniad to the anus. The preparation is removed by 
cutting the mesocolon to retain the cranial branches of the pelvic nerves, the 
hypogastric nerves and the inferior mesenteric artery (Fig. 1). Faecal pellets 
in the gut must be removed gently with forceps. 
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The preparation is suspended in usual fashion in a Burn-Dale bath con- 
taining bicarbonate Ringer aerated with a gas mixture of 95% oxygen and 
5% carbon dioxide. One pelvic nerve is drawn through one fluid electrode 
and the lumbar colonic nerves through a second fluid electrode (Garry & 
Wishart, 1951). The nerves are stimulated by two separate electronic square- 
wave stimulators, The colon shows active pendular movements easily 
recorded on smoked paper. 

We have evidence that stimulation of the parasympathetic outflow is 
preganglionic, while that of the orthosympathetic is postganglionic. The 
response to stimulation of the parasympathetic is motor, that to stimulation 
of the orthosympathetic is inhibitor. Variations in the frequency of stimu- 
lation, in the duration of the impulses, in the strength of the current have all, 


Fig. 1. Simple diagram of the orthosympathetic and parasympathetic outflows 
of the distal colon of the rabbit. 

so far, failed to change the nature of these responses. Neither does the initial 

state of tone or of activity of the colon seem to affect the reponse. The colonic 

preparation apparently differs in this respect from the doubly innervated 

stomach preparation described by McSwiney & Robson (1931) and Harrison & 
McSwiney (1936). 

By Trendelenburg’s technique it is possible to show peristalsis in this colonic 

preparation and to record the effect of stimulation of the orthosympathetic 

and parasympathetic outflows. 
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A simple water-filled plethysmograph for the hand or forearm 
with temperature control. By A. D. M. GreznrizLp. Department of 
Physiology, The Queen’s University of Belfast 

This plethysmograph can be used at a steady temperature (+ 0-5° C) or the 

temperature can be rapidly changed without interruption of recordings. It 

has been used for the last 4 years for all water-filled plethysmographic work 
in this department. It consists of a thin copper shell surrounded by an outer 
water-bath. The water in the plethysmograph and that in the outer bath is 
mechanically stirred. Hot or cold water or ice is added to the outer bath as 
required, and the temperature changes are quickly followed by the water in 


the plethysmograph proper. 


The plethysmograph proper, A, is 15 cm long and 10-5 cm square in cross- 
section, and has copper walls 0-8 mm thick (22 gauge). The top surface has 
a central hole into which is fitted a tube, B, 1-8 cm diameter and 2-5 cm long. 
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The lower end of the tube, which projects 0-3 cm into the plethysmograph, is 
coarsely serrated; the serrations prevent closure of the end of the tube by 
the forearm or hand. The upper end of the tube is connected by a rubber bung 
to the vertical glass tube 3-3 cm diameter and 11 cm long (not included in 
figure), in which the water level normally lies. A second tube, 1-8 cm diameter 
and 2°5 cm long (not visible in figure), is fitted in a hole near one side of the 
top. This tube is normally closed by a bung holding a thermometer with the 
bulb inside the plethysmograph. Sealed to the plethysmograph at one side, 
and communicating with it by two 3 cm holes, C, is a side chamber containing 
the propeller for stirring the water. The propeller is at one end of a shaft 
20 cm long; the other end is flexibly coupled to a small low-voltage electric 
motor. The shaft is enclosed throughout its length in a loosely fitting tube, D, 
narrowed at the lower end to form a bearing. This tube passes through a rubber 
bung, #, which fits in a hole in the roof of the side chamber. Water finds its 
own level in the gap between the tube and the shaft and a watertight bearing 
is not required. This design greatly facilitates construction and maintenance. 

A second propeller, driven by a rubber belt from the electric motor, stirs 
the water in the outer bath. Double-ended drainage tubes, F and G, connect 
with the plethysmograph proper and the outer jacket. The convenient ends 
of these are coupled to screw-clipped rubber tubing leading to waste; the 
inconvenient ends are bunged. | : 

The ends of the plethysmograph are of brass sheet 2 mm thick (no. 14 
gauge). One end has a 9 cm diameter hole for the limb, surrounded by six 
equally spaced ; in. Whitworth screws with centres on a 13-2 cm diameter 
circle. The other end has a 10-5 cm diameter hole surrounded by seven screws 
on a 15cm diameter circle. Each end has a counter pressure plate 2mm 
thick, and drilled with a large central hole and ring of small holes to fit over 
the screws. In use a 5 mm thick soft rubber diaphragm with a hole cut to fit 
the limb (Barcroft & Edholm, 1945) is sandwiched between the end of the 
plethysmograph and the pressure plate, and held in position by wing nuts. 
For use on the forearm a sleeve of latex sheet, 0-2 mm thick, connects the 
edges of the holes in the rubber diaphragms at the ends of the plethysmograph. 
The sleeve has about 0-5 cm of longitudinal slack and fits the arm loosely. 
This sleeve is held against the skin by hydrostatic pressure when the plethys- 
mograph is in use. For use on the hand, the larger end hole is closed with an 
unperforated rubber diaphragm supported outside by a brass plate, and a 
loosely fitting surgical rubber glove is sealed to the margin of the hole in the 
second rubber diaphragm which surrounds the wrist. : 

All joints are hard soldered, and the whole is finally nickel plated. The 
plethysmograph proper holds about 1-2-1-51. of water (depending on the 
volume of limb enclosed) and the outer bath about 31. This mass of water 
keeps the temperature fairly steady, and with a water temperature of 34° C 
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and with a subject comfortably clothed in a room at 22° C it is sufficient to 
add hot water to the outer bath about every 30 min to keep the temperature 
within +0-5° C. On the other hand, the temperature can be changed 10° C in 
less than 2 min by partly draining the outer bath and adding hot or cold 
water. The plethysmograph and volume recorder are calibrated by. adding 
measured volumes of water through the drainage tube with a limb with arrested 
circulation in position. 

Working drawings are available on application to the author. The apparatus 
can be supplied by Messrs James Blair Ltd., 444 Townsend Street, Belfast, 
Northern Ireland. 
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A photoelectric drop-counter. By 8. M. Hitton and D. W. Lywoop. 
National Institute for Medical Research, Mill Hill, N.W.7 — 

When blood flows are being measured by a drop-counting method, it is usual 

to allow each drop to make contact between two electrodes. The disadvantages 


of this arrangement are, first, that with most amplifier circuits some current 
is passed through the blood which is then reinfused into the animal, and, 


Drop chamber 
[Photocell 
Lens 
| 
< 25 cm —»> 
Fig. 1 


secondly, that there is a tendency for the blood to stream across the electrodes 
at fast rates of flow. Both these disadvantages are avoided by recording the 
fall of drops photoelectrically, as has already been pointed out by Clements & 
Ryberg (1949). 

In the apparatus, which is shown diagrammatically in Fig. 1, the light beam 
from a 6 V 6 W lamp is brought to a focus 4 cm in front of the photocell and 
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Fig. 3. V,,6K26 thyratron; R,, 2MQ variable; Ry, 47 KQ; Ry, 1000 2; B,, 127V~ ; By, 6V~; 
B,, 18 V~; Eq, 36 V~; 0,, 100 pf; C,, 100 pf; C,, 32 uF electrolytic; C,, 16 uF electro- 
lytic. D/1, relay 1000 Q, high-speed type. Rectifier, SenTerCel 75 mA. Photocell, Cintel 
GAI6. 


the drop-chamber is sited so that the drops pass through this point. The tube 
holding the lamp, compound lens and drop-chamber is broken and sleeved 
near the box holding the photocell, so that the drop-chamber can be removed 
easily for cleaning. This chamber has been devised so as to provide a closed 
_ system in which the blood flow can be measured. It is constructed (Fig. 2) of 
Perspex with a stainless steel dropping tube and an ebonite diaphragm backing 
on to the photocell. The two lengths of polyethylene tubing are used for 
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double cannulation of the blood vessel through which the flow rate is to be 
measured. 

In practice, this apparatus can be used for the registration of drops of 
colourless fluid, since the drops reflect and scatter most of the light. The 
electrical conductivity of the fluid is unimportant, and the fluid can, if required, 
be collected in any suitable receptacle. The apparatus is thus adaptable to 
many experimental situations. 

We have recorded the rate of flow with a Gaddum drop-timer, the magnetic 
clutch of which is operated by a simple electronic relay unit (Fig. 3). This is 
essentially a phase-change circuit; when the light is cut off from the photocell, 
the thyratron conducts, operating the relay D which breaks the magnetic 
clutch circuit. Values of R, and C, were chosen so that the duration of the 
pulses is about 60 msec. This enables the lever of the drop-timer always to 
return to zero position whatever the rate of drop formation. The standard 
Palmer drop-timer has been modified by fixing a light return spring on to the 
recording arm so as to ensure the return of the arm in the 60 msec interval. 
The clutch of the drop-timer is energized by a 36 V d.c. power supply. 

REFERENCE 
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The selective depressive action of temperature on somatic sensory 
nerves. By W. W. Dovetas and J. L. Matcoitm 


Revival of hypothermic rats after arrest of circulation and 
respiration. By R. K. Anpsus and Auprey U. Smirs. Physiological 
Institute, University of Belgrade, and the National Institute for Medical 
Research, London 


Cooling below a body temperature of 15° C causes arrest of heart beat and 
respiration in adult rats and in the majority of non-hibernating mammals. 
~ It is generally supposed that death is then inevitable. In Belgrade, however, 
one of us resuscitated rats with colonic temperatures of 0 to 2° C and after 
heart beat and respiration had been arrested for 40-50 min (Andjus, 1951). 
The technique of reanimation consists essentially in re-establishing the circu- 
lation by applying heat locally to the cardiac area before rewarming the whole 
body. This reducés the danger of anoxia during rewarming: It also avoids 
the necessity for raising the temperature of the whole body rapidly, which 
was Claimed to be the only efficient method of resuscitation (Weltz, Wendt & 
Ruppin, 1942; Lutz, 1950), but is practically impossible to achieve in larger 
animals and humans. 
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The procedure for cooling to 15° C consists in exposing the animal to an 
environmental temperature of 0-5° C and simultaneously to a progressive fall 
in oxygen and rise in carbon dioxide tension. This is done by enclosing rats in 
jars of 14-2} 1. capacity which are placed in a refrigerator. Rats thus treated 
can then be cooled below the so-called lethal limit of 15° C by covering them 
with crushed ice. After approximately 20 min no more heart beats can be 
recorded and the colonic temperature falls from 6 to 0° over a further 40 min. 

The first stage of reanimation is to re-establish the heart beat by repeated 
application of a hot spatula or soldering iron to the chest wall over the heart. 
At the National Institute for Medical Research we are now using a beam of 
light to achieve the same object. This is accompanied by positive-pressure 
artificial respiration. The first heart beat is seen before the colonic tem- 
perature reaches 5° C, and, in the majority of animals, the heart rate then 
increases. In a proportion, spontaneous respiration is restored when the body 
temperature is 13-15° C and after the neck has been heated. At this stage 
the animals are still flaccid and unconscious. Muscle tone, reflexes and 
consciousness are only regained after rewarming in a water-bath at 40° C. 
The survivors must then be kept in a warm atmosphere (28-32° C) for 2 or 
3 days. Deaths may occur at any time during or immediately after revival. 
Some animals die later with disturbance of blood chemistry, kidney function 
and general metabolism. Those which survive 24 hr generally, however, live 
indefinitely. 

Long-term survivors of these experiments will be demonstrated together 
with the apparatus used. 
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Survival of isolated guinea-pig uterus after freezing to — 79° C in 
glycerol Ringer. By A. 8. Parkes and Auprey U. Smira 


A light-weight integrating motor pneumotachograph (i.m.p.) 
with constant low resistance. By J. G. Fiercuer and H. 8. WourFr. 
Division of Human Physiology, National Institute for Medical Research, 
London 


There has long been a need for a portable instrument for the accurate estima- 
tion of oxygen consumption in human activity. Existing instruments may 
be criticized on the grounds of their variable high resistance to respiration 
and their insufficient range to measure the high ventilation rates encountered 


in severe work. 
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The apparatus shown has the following characteristics: weight about 3 kg; 
dimensions 24x 19x 14.em; back pressure constant at 1-7 cm water gauge 
at all flow rates up to 500 1./min; faithful response to transients with rise 
times as low as 20 msec. 

The i.m.p. consists of two parts: the first is a true flowmeter, illustrated in 
cross-section, in which a mechanical movement proportional to the flow rate 
is obtained; the.second an electro-mechanical integrating device powered by 
h.t. and 1.t. dry batteries. Air enters by tube A and raises the pressure under 
the diaphragm C until it is sufficient to overcome the restoring force due to the 
six leaf springs B. The rigid centre of the otherwise slack diaphragm C then 
lifts to expose an annular orifice between itself and exit tube D. Should 
inflow not be balanced by outflow the pressure will either rise or-fall, and the 


1 


diaphragm will adopt a new position to establish equilibrium. If the restoring 
force is isotonic then the pressure drop across the annular orifice will remain 
constant and the lift of the diaphragm will be proportional to flow. 

, The restoring force is supplied by six springs of the shape shown. The 
weight on the intermediate part of the S-bend serves to maké the system 
insensitive to gravity by acting in opposition to the weight of the diaphragm. 
In practice a constriction is placed in tube D to compensate for small de- 
partures from isotonicity of the spring system. ’ | 
To measure volume, movement of the slider E on the micro-potentiometer F 
is made to unbalance a bridge-type circuit, the unbalance voltage being fed 
to a low-inertia integrating motor driving a veeder counter, which gives 
volume readings by difference. A small electromagnetic diaphragm pump. 
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7 Fig. 1. Diagrammatic cross-section of cylindrical Perspex flowmeter. 
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controlled by & commutator on the integrating motor shaft delivers a repre- 
sentative air sample from the box into a polythene bag. 
For use as a pneumotachograph, terminals are provided through which the 
‘displacement’ or unbalance voltage can be applied to an oscilloscope. An 
expiratory valve is not essential, since the diaphragm closes tube D during 
inspiration. 


The role of potassium in the ganglion-blocking action of the 
methonium compounds. By W. L. M. Perry and Hi. H. R. 
REINERT 


A method for assessing concurrently the activity of drugs on both 
the sympathetic and the parasympathetic ganglia supplying 
the heart. By W. L. M. Perry and C. W. M. Witson 


The effect of decamethonium on potassium loss from normal and 
denervated muscles. By W. L. M. Perry and Exveanor J. Zarmis 


Injections of DFP into the cerebral ventricle of the cat. By 
W. Fevpsere and 8. L. SHerwoop. (Film) 


The effect of the level of dietary calcium during pregnancy and 
lactation on the skeleton of the ewe. By J. Duckworra and 
R. Hitz. The Rowett Research Institute, Aberdeen 


Bauer, Aub & Albright (1929) first showed that resorption of bone, induced by 
injection of parathyroid hormone, did not have a uniform effect throughout 
the long bones. The trabeculae forming the cancellous ends were resorbed 
while the cortical bone was unaffected. Warnock & Duckworth (1944) and 
Ellinger, Duckworth, Dalgarno & Quenouille (1952) studied the effect of 
calcium intake during pregnancy and lactation in the rat on the resorption 
and repair of long bones. Resorption was confined principally to the cancellous 
ends with only a small resorption from the endosteal surface of the shaft, 
provided that dietary supplies of calcium were good. In severe calcium 
deficiency both ends and shafts were extensively resorbed, and to about the 


same extent. 
e2 


7 
~ 
q 
. 


70P PROCEEDINGS OF THE PHYSIOLOGICAL 


The present experiment was undertaken to study the effects throughout the 
skeleton of the ewe of different dietary levels of calcium during pregnancy and 
lactation. All bones were analysed, the long bones after being cut into 
sections. Three groups, each of twelve ewes, were given the same diet with 
calcium supplements to give levels of 1-4 g (group A), 45 g (group B) and 
7-4 g (group C) per head daily throughout pregnancy and lactation. Recom- 
mended daily allowances for mid-pregnancy, late pregnancy and lactation 
are 3-4, 4-5 and 6-5 g per head respectively. 

Level of calcium intake was without effect on reproductive performance 
and milk production, or on survival of lambs. The total ash of the skeleton — 
was reduced by 19% (highly significant) in group A, and by 5% (not signi- 
ficant) in group B, from the group C level. Large differences were found in the 
extent to which various parts of the skeleton were resorbed, especially in face 
of severe calcium deficiency. The approximate decreasing order in severity 
of resorption was: vertebrae; pelvis; skull; sacrum; mandible; ribs; proximal 
end of tibia; scapula; sternum; proximal and distal ends of humerus, radius 
and femur; distal end of tibia; shafts of humerus, radius, femur and tibia; 
metacarpal; metatarsal. The vertebrae varied among themselves in degree of 
resorption, the most marked effects being in the cervical. 

The results of parallel radiographic studies agreed with the chemical 
findings. There was an exception in the case of the shafts of long bones where 
X-ray examination showed resorption at the medullary surface, but chemical 
analysis failed to detect changes in the shaft as a whole. 
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Potential and resistance changes at the motor end-plate. By 


J. DEL CastTiLto and B. Katz. Department of Biophysics, University 
College, London 


When the electric response is recorded at the end-plate region of a muscle fibre, 
the action potential of the muscle fibre due to a nerve impulse (‘N-spike’) is 
smaller than that due to direct stimulation (‘M-spike’). Moreover, if a nerve 
impulse is made to arrive at the end-plate during the crest of a ‘M-spike’, the 
immediate effect is to reduce the action potential towards a lower level (Fig. 1). 

This action of the neuromuscular transmitter has been attributed to a 
‘short-circuit’, i.e. a non-specific increase in the ion permeability of the end- 
plate membrane, which would lead to depolarization and therefore diminish 
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pe ‘sodium-potential’ produced by the activity of adjacent parts of the fibre 
surface. 

One consequence of this short-circuit hypothesis is that the reduced 
‘N-spike’ should be associated with an even more drastic breakdown of the 
membrane resistance than the larger ‘M-spike’ (see Fatt & Katz, 1951; 
Nastuk, 1953). This point has been tested by a method previously described 
(Fatt & Katz, 1951), measuring the membrane potential change which a known 


Fig. 1. Tracings of intracellular recordings from single myoneural junction. N (in A), response 
to nerve impulse; M, response to direct stimulus; MN, combined stimulation of muscle and 
nerve. Arrows indicate instant at which N response starts. Voltage scale (in A) shows p.d. 
between inside and outside of muscle fibre. The zero-line is shown with all records. The 
effect of the nerve impulse is to displace the membrane potential towards a level about 
10-20 mV below zero. 

current produces, applied between inside and outside of the fibre during the 

phase of its reversed membrane potential. The results showed consistently that 

the transverse resistance was less during the peak portion of the N-spike than 
during the corresponding phase of the M-spike, the average ratio being about 

1:2 in twenty-six experiments. | 
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Gastrin and histamine release. By A. N. Smitn*. National Institute 
for Medical Research, Mill Hill, N.W.7 : 

It has been suggested that gastrin may not act directly on the parietal cells 

of the gastric mucosa, but through the intermediate release of histamine 

(Emmelin & Kahlson, 1944; Kahlson, 1948). In that case, the histamine 

* Medical Research Council Research Fellow; present address, Department of Surgery, 

University of Glasgow. 
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release might take place either locally in the gastric mucosa or in distant 
organs such as skeletal muscle and skin. 

In order to test these possibilities, an almost histamine-free gastrin pre- 
paration, prepared according to Jorpes, Jalling & Mutt (1952), was injected 
in cats under chloralose anaesthesia into different parts of the circulation and 
the efficacy of these injections on gastric secretion compared. This comparison 
was rendered difficult because, on repeated intravenous injections of the same 
dose of gastrin, the secretory effect diminished, although the parietal cells 
remained sensitive to histamine. 

(1) There is some local action of gastrin in the gastric mucosa, because small 
doses of gastrin injected via the coeliac artery into the vascular bed of the 
stomach were as efficacious as larger amounts given intravenously. Further, 
gastrin was more active when injected into the coeliac artery than when 
injected into the portal vein. 

(2) Gastrin injected into the distal aorta so as to reach skin and skeletal 
muscle of the lower extremities first was as active as when injected into the 
coeliac artery. This suggests release of histamine from skin and skeletal 
muscle and, by analogy, a similar release in the gastric mucosa. 

(3) The release of histamine from skeletal muscle and skin by gastrin could 
be directly demonstrated in perfusion experiments. 

(4) Similarly histamine appeared, although in smaller amounts, in the 
venous effluent of the stomach perfused from its artery with Locke solution 
after arterial injection of gastrin. No increase of histamine in portal blood 
could be demonstrated after gastrin with the methods of histamine extraction 
used. Its presence in portal blood after gastrin was, however, made probable 
by the following procedure. By short-circuiting the liver for a short time, 
according to Donomae & Feldberg (1934), the portal blood could be diverted 
directly into the systemic circulation. Donomae & Feldberg found that this 
short-circuiting produced a fall in arterial blood pressure only in a few animals. 
It was found that, after an injection of gastrin into the coeliac artery, this 
short-circuiting consistently produced a fall in blood pressure which was 
resistant to atropine but was abolished by mepyramine. 
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The influence of bacterial changes in the alimentary canal on the 
metabolism of histamine in the rat. By C. W. M. Witson 
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The presence of autonomic relays within the liver. By W. H. Horner 
Anprews, R. Hecker* and B. G. Marorarra. Department of Tropical 
Medicine, Liverpool School of Tropical Medicine 


After atropinization of isolated perfused canine livers small amounts of 
nicotine, e.g. 200 ug, injected into either the hepatic artery or portal vein 
produced an effect on the hepatic veins similar to that of 0-5-1-0 ug of 
adrenaline. There was no evidence of any action on the portal vein. Acetyl- 
choline under these conditions in amounts of 0-5-1 mg had the same action 
as nicotine. Addition of 10 mg of hexamethonium bromide to the perfusion 
fluid abolished the adrenaline-like action of both nicotine and acetylcholine. 

5 mg of nicotine also abolished the adrenaline-like action of small amounts 
of nicotine and of acetylcholine. 

Neither small nor large amounts of nicotine in the absence of atropinization 
had any regular effect or caused any apparent modification of the direct 
reaction of the hepatic vessels to adrenaline, acetylcholine, noradrenaline or 
histamine. 

According to current interpretation of pharmacological data the reactions 
described above provide evidence in favour of the presence of autonomic 
relays within the liver itself. 

Acetylcholine in 0-5 mg amounts in the presence of atropine led to a greater 
adrenaline-like response when injected into the artery than when injected 
into the portal vein. We have shown elsewhere that shunts between the 
hepatic artery and the hepatic vein probably exist (Andrews & Maegraith, 
1953; Andrews, Hecker, Maegraith & Ritchie, 1953), and that the liver tissue 
readily destroys acetylcholine (Andrews et al, to be published). We therefore 
believe that the nerve relay is related to the hepatic venous tree. 

Similar but less marked reactions to nicotine and acetylcholine, in the 
presence of atropine, have been obtained in cats. 


The expenses were largely defrayed by the John Holt Malaria Research Grant. We are indebted 
to Dr W. E. Ormerod for advice. 
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Salt concentration and rate of evaporation of sweat. By R. K. 
Macrnerson and P. 8. B. Newiine. Royal Naval Tropical Research 
Unit, Singapore, and Division of Human Physiology, National Institute 
for Medical Research, London, N.W. 3 


_ Loss of sweat by dripping is unusual in hot dry (desert) climates. Evaporation 
is usually complete, salt crystallizes out on the skin and maximum evaporative 
cooling is derived from the sweat. In hot moist (humid tropical) climates the 
skin is moist, salt does not crystallize out and the loss of sweat by dripping 
may be profuse. As sweat thus lost does not contribute to the evaporative 
cooling of the body, it appears to be an unpleasant and unnecessary ex- 
penditure of the body’s reserves of salt and water. 

The difference between the vapour pressure of water and that of a saturated 
solution of sodium chloride at skin temperature is small (about 10 mm Hg 
at 33-35° C), but in hot moist conditions the difference between the water- 
vapour pressure on the skin and that of the air may be no greater. 

It has been shown experimentally, by examination of the rate of evaporation 
of standard salt solutions of varying concentration, that under these con- 
ditions the reduction in the rate of evaporation of sweat due to the fall in its 
vapour pressure, which. as evaporation proceeds, accompanies the rising 
concentration of salt in the sweat on the body when no dripping occurs, can 
be sufficiently great to prevent adequate loss of body heat by evaporative 
cooling. The washing of salt and other solutes from the body surface by 
dripping is the means whereby the salt concentration can be maintained at 
a level at which adequate evaporation can occur, and may be regarded, not 
as wasteful, but as a necessary physiological adaptation. 

As the lower the concentration of solutes in the freshly secreted sweat the 
less dripping is required, the fall in salt concentration of sweat, which accom- 
panies acclimatization, has other advantages besides the conservation of the 
body’s supplies of sodium chloride. 


Individual variation in energy expenditure. By Heen M. Ferrzs, 
R. H. Fox and A. R. Linn. Royal Naval Tropical Research Unit, 
Singapore, and Division of Human Physiology, National Institute for 
Medical Research, London, N.W. 3 


The ability to predict the energy requirements of certain standardized 
exercises has been widely used in climatic physiology experiments to enable 
the influence of the heat of metabolism to be controlled by the adoption of 
a rigid work and rest routine. In such experiments the number of subjects 
that can be investigated at any one time is limited, and it is important to 
consider the possible effect of individual variability. 
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Measurements of the energy expended by four healthy, young, acclimatized 
males were made in experiments which extended over a period of 1 month. 
The subjects were studied while sitting and while walking at six different 
speeds on a treadmill, in a controlled climate of dry-bulb 32-2° C, wet-bulb 
26-7° C and air speed of 300 ft./min. 

One of the four subjects expended significantly less energy, both resting and 

walking, when compared with the other three. After subtracting the resting 
from walking energy-expenditure values, this subject expended approxi- 
mately 19% less energy per kilogram body weight per mile walked. His 
lower energy expenditure was associated with a lower sweat rate and differ- 
ences in other physiological responses, when compared with the rest of the _ 
subjects under the same experimental conditions of work rate and climatic 
stress. 
The occurrence of subject differences of such a magnitude during the 
performance of a standardized exercise emphasizes the importance of measuring 
the energy expended by each subject used in climatic physiology experiments, 
in addition to controlling the influence of the heat of metabolism by the 
adoption of a standardized work and rest routine. 

Acclimatized individuals exhibiting a similar economy of energy ex- 
penditure on standardized tasks would be expected to survive for a longer 
period and to exhibit less physiological strain in excessively hot environments; 
this might be of importance in the selection of personnel for certain special 
types of work involving the hazard of intolerably hot conditions. 


Antihistamines as a tool in the investigation of vasodilator 
phenomena in man. By F. Durr and R. F. Wueian. Departmeyt 
of Physiology, The Queen’s University of Belfast | 

Infusion of tripelennamine hydrochloride (Pyribenzamine, Ciba) into the 

brachial arteries of nine subjects in a dose of 2-5 mg/min for 5 min caused a 

reduction in the vasodilator response of the forearm to histamine, the effect 

of a dose of 1 g/min being almost abolished and that of 5 ug/min reduced to 
one-third or less of its effect prior to the antihistamine infusion. In six of the 
subjects further intrabrachial infusions of histamine 1-1} hr later showed 
that the antihistamine effect was still present, though slightly diminished. 

In six subjects antazoline (2-phenylbenzylaminomethyl-imidazoline, An- 
tistin, Ciba) was similarly examined. Its effect was not so marked as that of 
tripelennamine; the vasodilator response to 1 »g/min of histamine was almost 
abolished, but that to 5 ug/min was reduced only to about one-half of that 
prior to the antihistamine. In one subject examined 1} hr later the response 
to histamine had returned almost to normal. 
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An investigation is being made into the effect of these substances on vaso- 
dilator phenomena in which histamine may be thought to be involved. 
Preliminary experiments have been made of their effect on the hyperaemia 
following circulatory arrest. In eight experiments using tripelennamine and 
one using antazoline the peak flows of the reactive hyperaemia were not 
reduced, though the rate of recovery towards the resting flow levels was 
usually increased. This latter effect, however, was sometimes observed in 
repeated series of reactive hyperaemias when antihistamines had not been 
given. It is not certain, therefore, that it was caused by the antihistamine 
infusion. 


Vasoconstriction following venous congestion in normal, sympath- 
ectomized, and denervated forearms. By G. C. Patrerson and 
J. T. Suernerv. Department of Physiology, The Queen’s Unwersity 
of Belfast 
A pneumatic cuff was applied to the upper arm and inflated to a pressure 
between 80 and 110 mm Hg for 5 min. The forearm blood flow was measured 
by venous occlusion plethysmography at 15 sec intervals for a period of 
3 min after the release of the congesting cuff. Measurements of blood flow 
were also made before the congesting cuff was inflated. In all of twenty- 
two experiments performed on twelve normal subjects, the blood flow was 
greatly increased immediately after release of the congesting cuff, fell to 
a level ranging from 27 to 73% of the resting level after 15-30 sec, and 
returned again to the resting value roughly 1 min later. 
Similar results were obtained in two subjects with chronically sympathecto- 
mized arms and in two subjects with chronically denervated arms. 
The implications of these findings will be discussed. 


Response of the forearm blood vessels to very high transmural 
pressures, By A. D. M. Greenrietp and G. C. Patrerson. Depart- 
ment of Physiology, The Queen’s University of Belfast 


One arm was enclosed in a box in which the pressure could be reduced in a few 
seconds to 50, 100, 150 or 200 mm Hg below atmospheric, the other arm 
served as a control. The blood flow in both forearms was measured before and 
after suctions lasting 5, 15, 30 or 60 sec. The flow in the experimental arm fell 
substantially below that in the control during the first minute after exposure 
in all experiments at —50 and —100 mm Hg, and in the 5, 15 and 30 sec 
exposures at —150 mm Hg. In the 60 sec exposures at — 150 mm Hg and in 
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exposures at —200 mm Hg the results were irregular, and the flow was often 
increased to several times the control level for several minutes. It appears 
that the vasoconstrictor response to stress of the human blood vessels 
(Patterson & Shepherd, 1954) breaks down, and is replaced by vasodilatation, 
when the vessels are exposed to stress of the order encountered in dependent 
limbs under conditions of high acceleration. 


REFERENCE 
Patterson, G. C. & Shepherd, J. T. (1954). J. Physiol. 128, 76 P. 


Evocation of ‘parturition’ efforts and blood-pressure changes in 
the non-pregnant doe rabbit. By K. J. Franxuin, C. Topp and 
N. E. Winstone 
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